Galloping of overhead transmission lines. by Koutselos, Lakis Thrassyvoulos.

All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if materia! had to be removed,
a note  will indicate the deletion.
Published by ProQuest LLC (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
GALLOPING OF OVERHEAD TRANSMISSION LINES
A thesis submitted to 
the University of Surrey 
Department of Mechanical Engineering 
for the degree of 
Doctor of Philosophy
- by -
Lakis Thrassyvoulos Koutselos B.Sc., M.Sc 
Central Electricity Research Laboratories 
Leatherhead, Surrey.
JUNE/0927/88/DISK 97
FTL.yi^ i e.
SUMMARY
This Thesis describes a technique for collecting, moulding and 
testing naturally occurring ice accretions. Faithfull reproductions of the 
ice shapes were cast in silicone rubber from which wind tunnel models were 
made. They were tested using a specifically designed wind tunnel rig which 
measured the aerodynamic lift, drag and pitching moment of the models.
From the aerodynamic data the gradients of lift, drag and pitching moment 
of each ice shape were calculated.
The aerodynamic data were consequently used in a two-dimensional 
two degree of freedom theoretical aerodynamic model which included 
aerodynamic lift, drag, moment, ice eccentricity, conductor wake effects 
and the mechanical properties of the conductor.
Wind tunnel tests were carried out on a specifically designed 
wind tunnel dynamic rig. Instabilities of the coupled vertical/torsional 
galloping were established. Regions of instability were also predicted 
using a two-dimensional theoretical conductor model.
The initial theoretical analysis formed the basis upon which a 
more sophisticated three-dimensional finite element aeroelastic model was 
developed. The effects of ice and wind on the natural frequencies and the 
stability of the conductor were investigated. The use of galloping control 
devices, the pendulum detuners was also examined. Results showed that the 
pendulums had a stabilising effect in controlling the vertical/torsional 
frequency ratio of twin bundles.
The vibration characteristics and the stability of quad bundles 
were investigated using finite elements. In this case, the pendulums 
shifted the torsional frequencies of the bundle to higher values close to 
the corresponding vertical frequencies, thus enhancing coupling and having 
an adverse effect on stability. Finally, limitations in the performance of 
the pendulum detuners were predicted.
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CHAPTER 1
INTRODUCTION
1 .1  GALLOPING OF OVERHEAD L IN E  CONDUCTORS
G a l l o p i n g  i s  a  l a r g e  a m p l i t u d e ,  l o w  f r e q u e n c y  o s c i l l a t i o n  o f  
o v e r h e a d  t r a n s m i s s i o n  l i n e s  t h a t  h a s  b e e n  an  i d e n t i f i e d  p r o b l e m  f o r  some 50 
y e a r s .  H o w e v e r ,  i t s  o c c u r r e n c e  on  an y  g i v e n  s p a n  o f  a  l i n e  d e p e n d s  upon  
t h e  s im u l t a n e o u s  e x i s t e n c e  o f  s p e c i f i c  m e t e o r o l o g i c a l  c o n d i t i o n s  r e l a t i v e  
t o  t h a t  s p a n .  T h e s e  c o n d i t i o n s  i n c l u d e :  t h e  p r e s e n c e  o f  p r e c i p i t a t i o n
c a p a b l e  o f  f r e e z i n g  on  t o  t h e  c o n d u c t o r ;  t h e  f o r m a t i o n  o f  an  i c e  p r o f i l e  on  
t h e  c o n d u c t o r  s u c h  t h a t  th e  s p a n  i s  c a p a b l e  o f  e x h i b i t i n g  an  a e r o d y n a m ic  
i n s t a b i l i t y ;  t h e  e x i s t e n c e  o f  a  w in d  n e a r l y  n o rm a l  t o  t h e  s p a n  an d  o f  a  
s p e e d  -  t y p i c a l l y  5 t o  15 ms - 1  -  s u f f i c i e n t  t o  e x c i t e  t h e  p o t e n t i a l  
i n s t a b i l i t y .  The ra n d o m n e ss  p r e s e n t  i n  t h e  o c c u r r e n c e  o f  e a c h  o f  t h e s e  
t h r e e  a s p e c t s ,  i n d i v i d u a l l y ,  e n s u r e s  t h a t  g a l l o p i n g  i s  a  m ost  u n p r e d i c t a b l e  
e v e n t .
The r a n g e  o f  a m p l i t u d e  o f  t h e  o s c i l l a t i o n  i s  f r o m  a p p r o x i m a t e l y  
1 m t o  v a l u e s  a p p r o a c h i n g  t h e  s a g  o f  t h e  s p a n  u s u a l l y  up  t o  10  
f r e q u e n c i e s  r a n g e  f r o m  a p p r o x i m a t e l y  0 .1  Hz t o  1 H z .  V ie w e d  a l o n g  t h e  
l i n e ,  t h e  c o n d u c t o r s  a r e  g e n e r a l l y  c o n s i d e r e d  t o  d e s c r i b e  an  e l l i p t i c a l  
m o t io n  w i t h  th e  m a jo r  a x i s  n e a r l y  v e r t i c a l .  F i g .  1 i l l u s t r a t e s  t w o - l o o p  
g a l l o p i n g  o f  a  t w i n  b u n d l e  l i n e  f i t t e d  w i t h  r i g i d  s p a c e r s .  Such  v e r t i c a l  
g a l l o p i n g  i s  t h e  fo rm  m ost  f r e q u e n t l y  o b s e r v e d  w o r l d - w i d e  a n d  i s  t h e  
s u b j e c t  o f  t h e  m a j o r i t y  o f  s t u d i e s .  M o t i o n  i n  w h ic h  th e  h o r i z o n t a l  
com ponent p r e d o m in a t e s  c a n  a l s o  o c c u r .  Such  h o r i z o n t a l  g a l l o p i n g  h a s  b e e n  
f r e q u e n t l y  o b s e r v e d  i n  Germ any  on  t h e  PREAG s y s t e m ,  e s p e c i a l l y  a t  w in d  
s p e e d s  h i g h e r  t h a n  15 ms- 1 , w h i l e  one  c a s e  h a s  b e e n  s e e n  i n  t h e  N e t h e r l a n d s  
on  t h e  PLEM s y s t e m .  T h e r e  a r e  v e r y  f e w  r e p o r t s  o f  h o r i z o n t a l  g a l l o p i n g  
f r o m  o t h e r  E u r o p e a n  u t i l i t i e s .
A f t e r  t h e  i n t r o d u c t i o n  o f  b u n d l e d  c o n d u c t o r  l i n e s  i n  t h e  l a t e  
1 9 5 0 s ,  i t  was g r a d u a l l y  r e a l i s e d  t h a t  t h e  p h a s e - t o - p h a s e  f a u l t  r a t e s  o f  
t h e s e  b u n d l e d  l i n e s  was  much h i g h e r  t h a n  t h a t  o f  t h e  s i n g l e  c o n d u c t o r ,
132 kV  l i n e s .  I n  an y  s i n g l e  y e a r ,  p h a s e - t o - p h a s e  f a u l t  r a t e s  p e r  c i r c u i t  
km -  c o n s i d e r i n g  o n l y  t h o s e  f a u l t s  o c c u r r i n g  d u r i n g  w in d  an d  snow  -  g a v e  
r a t i o s  o f  o r d e r  5 t o  10 b e t w e e n  b u n d l e s  an d  s i n g l e  c o n d u c t o r s  (M acK ay  
e t  a l . ,  1 9 7 6 ) .  M ore  c a r e f u l  s t u d i e s  h a v e  i n d i c a t e d  t h a t  t h e  l o n g - t e r m ,  
a v e r a g e  r a t i o  i s  3 t o  4 .  T h e s e  l a t t e r  s t u d i e s  h a v e  a l s o  shown t h a t ,  on  
a v e r a g e ,  g a l l o p i n g  c o n t r i b u t e s  t o  a t  l e a s t  20% -  a n d  p o s s i b l y  up  t o  40% o f
-  1.2 -
a l l  CEGB o v e r h e a d  l i n e  f a u l t s  w h ic h  a v e r a g e  125 p e r  annum. I n  s e v e r e  
w i n t e r s  h o w e v e r ,  v e r y  much h i g h e r  num bers  o f  g a l l o p i n g  f a u l t s  o c c u r .  I n  
t h e  w i n t e r  1981/82 d u r i n g  a  s e v e r e  b l i z z a r d  315 f a u l t s  w e r e  r e c o r d e d  i n  one  
14 h o u r  p e r i o d  (UK  D e p t ,  o f  E n e r g y  R e p o r t ,  1982 ) w i t h  a  p e a k  f a u l t  r a t e  o f  
50 i n  one h o u r .
The m a j o r i t y  o f  g a l l o p i n g  on  t h e  CEGB s y s t e m  i s  a s s o c i a t e d  w i t h  
w et  snow ,  w i t h  t e m p e r a t u r e s  c l o s e  t o  0 ° C .  F r e e z i n g  r a i n  an d  r im e  -  o r  
i n - c l o u d  i c i n g  -  do  a l s o  c a u s e  g a l l o p i n g  b u t  t e n d  t o  b e  more l o c a l i z e d  th a n  
t h e  w e t  sn ow .  B e c a u s e  t h e  b l i z z a r d  c o n d i t i o n s  may sw e ep  a c r o s s  l a r g e  
p o r t i o n s  o f  t h e  c o u n t r y ,  c o r r e s p o n d i n g l y  l a r g e  p o r t i o n s  o f  t h e  n e t w o r k  c a n  
b e  p u t  a t  r i s k .  To d a t e ,  l o s s  o f  s u p p l y  r e s u l t i n g  f r o m  g a l l o p i n g  f a u l t s  on  
th e  t r a n s m i s s i o n  sy s t e m  h a s  b e e n  v e r y  r a r e  b e c a u s e  t h e  n e t w o r k  i s  h i g h l y  
i n t e r c o n n e c t e d  an d  o p e r a t e d  t o  h i g h  s e c u r i t y  s t a n d a r d s .  H o w e v e r ,  t h e  
c h a n g in g  p a t t e r n  o f  g e n e r a t i o n  w i t h i n  t h e  UK -  m o v in g  t o  f e w e r ,  l a r g e r  
g e n e r a t i n g  s t a t i o n s  an d  c o n s e q u e n t l y  t o  f e w e r  t r a n s m i s s i o n  l i n e  c i r c u i t s  
o r i g i n a t i n g  f r o m  th e  l a r g e  s t a t i o n s  -  i n c r e a s e s  t h e  p o s s i b i l i t y  o f  
g a l l o p i n g  o f  t h e  f e w e r  t r a n s m i s s i o n  l i n e s  w h ic h  may s e r i o u s l y  a f f e c t  t h e  
s e c u r i t y  o f  t h e  s y s t e m .
1 .2  GALLOPING DAMAGE
G a l l o p i n g  dam age t o  t h e  CEGB l i n e s  p r i n c i p a l l y  t a k e s  t h e  fo rm  o f  
p h a s e - t o - p h a s e  f l a s h o v e r  dam age t o  th e  c o n d u c t o r s .  T h i s  h a s  u s u a l l y  m e l t e d  
o n l y  th e  o u t e r  tw o  l a y e r s  o f  a lu m in iu m  b u t ,  on  o c c a s i o n s ,  s u r f a c e  m e l t i n g  
o f  t h e  s t e e l  c o r e  h a s  b e e n  f o u n d  ( F i g .  2 ) .  I n  one  o r  tw o  c a s e s ,  c o n d u c t o r  
f a i l u r e  h a s  o c c u r r e d  a t  a much l a t e r  d a t e  a t  s i t e s  o f  u n d e t e c t e d  g a l l o p i n g  
dam age .  The  d yn am ic  f o r c e s  f r o m  th e  m o t io n  c a u s e  t o w e r  b o l t s  t o  l o o s e n  
b u t ,  d u r i n g  s u s t a i n e d  g a l l o p i n g  o v e r  1 0  h o u r s  o r  m o re ,  c a s e s  o f  c r o s s - a r m  
f a t i g u e  an d  s u b s e q u e n t  f a i l u r e  h a v e  o c c u r r e d  b o t h  on  a n  a n g l e  t o w e r  ( F i g .
3 )  an d  a  t e r m i n a l  t o w e r .  T e n s i o n  i n s u l a t o r  s t r i n g s  h a v e  becom e d e t a c h e d  
f r o m  t o w e r  c r o s s - a r m s  ( F i g .  4 )  b e c a u s e  t h e  h o r i z o n t a l  com pon ent o f  t h e  
e l l i p t i c a l  m o t io n  h a s  c a u s e d  th e  c o t t e r  p i n s  t o  move l a t e r a l l y  i n  t h e  
t e n s i o n  l i n k a g e s ,  f i n a l l y  s h e a r i n g  t h e i r  r e t a i n i n g  s p l i t  p i n s .  An  
i n d i c a t i o n  o f  g a l l o p i n g  h a v i n g  o c c u r r e d  i n  a  s p a n  i s  t h e  p e rm an e n t  
d e f l e c t i o n  o f  t h e  m e s s e n g e r  c a b l e s  o f  s t o c k b r i d g e  d a m p e r s .
D u r in g  t h e  r e f u r b i s h i n g  o f  CEGB l i n e s ,  e x a m i n a t i o n  o f  a l l  l i n e  
com pon en ts  h a s  b e e n  t a k i n g  p l a c e  t o  i d e n t i f y  t y p e s  a n d  m ech an ism s o f  
d e t e r i o r a t i o n .  T h i s  h a s  r e v e a l e d  e l e c t r i c a l  dam age t o  c o n d u c t o r  s t r a n d s  a t  
t h e  en d  c l a m p in g  p o i n t  ( t h e  m outh )  o f  s u s p e n s i o n  c la m p s  on  s p a n s  s u b j e c t  t o
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g a l l o p i n g .  F i g s .  5 an d  6 show  t h e  m e l t i n g  o f  t h r e e  o u t e r  l a y e r  s t r a n d s  and  
t h e  c o r r e s p o n d i n g  a r c i n g  dam age i n  t h e  mouth o f  t h e  c l a m p .  I t  i s  t h o u g h t  
t h a t  t h i s  i s  c a u s e d  b y  t h e  e q u i l i z a t i o n  o f  f a u l t  c u r r e n t  b e t w e e n  th e  
s u b c o n d u c t o r s  a t  t h e  f i r s t  l o w  r e s i s t a n c e  p a t h  c o n n e c t i n g  them : th e  s p a c e r
c la m p s  c o n t a i n e d  h i g h  r e s i s t a n c e ,  e l a s t o m e r i c  b u s h e s .
1 . 3  CONTROL METHODS
1 . 3 . 1  I c e  M e l t i n g
S i n c e  th e  f o r m a t i o n  o f  an  i c e  a c c r e t i o n  on  t h e  c o n d u c t o r  i s  a  
p r e r e q u i s i t e  f o r  g a l l o p i n g ,  i c e  p r e v e n t i o n  o r  r e m o v a l  b y  l i n e  h e a t i n g  i s  an  
o b v i o u s  c o n t r o l  t e c h n i q u e  t o  c o n s i d e r .  On th e  CEGB s y s t e m ,  l o a d  c u r r e n t  
a l o n e  i s  r a r e l y  a d e q u a t e  t o  b r i n g  t h i s  a b o u t  an d  s w i t c h i n g  o p e r a t i o n s  t o  
a c h i e v e  h i g h  l o a d  c u r r e n t s  on  im p o r t a n t  c i r c u i t s  w o u ld  g e n e r a l l y  r e s u l t  i n  
u n a c c e p t a b l y  l o w ,  s y s t e m  s e c u r i t y  l e v e l s .  S p e c i a l  DC e q u ip m e n t  and  
s w i t c h i n g  o p e r a t i o n s  a r e  n o r m a l l y  r e q u i r e d  t o  a c h i e v e  d e - i c i n g  a t  132 kV  
a n d  a b o v e  ( N i k i t i n a  an d  S a v v a i t o v ,  19 83 )  an d  t h i s  h a s  n e v e r  b e e n  c o n s i d e r e d  
c o s t  e f f e c t i v e  on  t h e  CEGB s y s t e m ,  a l t h o u g h  su c h  t e c h n i q u e s  w e r e  e m p lo y e d  
i n  S c o t l a n d  on  132 kV l i n e s  b e f o r e  h i g h e r  v o l t a g e s  w e r e  i n t r o d u c e d .
H o w e v e r ,  a  n o v e l  t e c h n i q u e  o f  d e - i c i n g  was i n v e s t i g a t e d  b y  th e  
CEGB i n  t h e  1960s (Toms an d  K id d ,  19 65 )  u s i n g  l i n e - m o u n t e d  h e a t i n g  
e l e m e n t s .  T h e s e  c o n s i s t e d  o f  450 mm l o n g ,  s p l i t  c y l i n d e r s  w i t h  a w a l l  
t h i c k n e s s  o f  15 mm, m ounted  a r o u n d  t h e  c o n d u c t o r .  E a ch  h a l f  c y l i n d e r  was  
o f  a lu m in iu m  w i t h  a  c o r e  o f  a l o w  C u r i e  t e m p e r a t u r e  m a g n e t i c  a l l o y .  When 
t h e  a m b ie n t  t e m p e r a t u r e  f e l l  b e l o w  t h e  C u r i e  p o i n t ,  t h e  c o r e  becam e  
m a g n e t i c  an d  fo rm e d  a  t r a n s f o r m e r  w i t h  o n e ,  s h o r t - c i r c u i t e d  s e c o n d a r y  t u r n .  
The r e s i s t i v e  l o s s e s  i n  t h e  s e c o n d a r y ,  t o g e t h e r  w i t h  h y s t e r e s i s  l o s s e s  i n  
t h e  c o r e  th e n  p r o v i d e d  h e a t  f o r  d e - i c i n g .  A b o v e  t h e  C u r i e  t e m p e r a t u r e ,  no  
l o s s e s  w e r e  i n c u r r e d .  The t e c h n i q u e  w as  a p p l i e d  t o  a  132 kV l i n e  i n  
S c o t l a n d  w i t h  l i m i t e d  s u c c e s s  ( F i g s . 7 and  8 ) .  The m a in  p r o b le m  was  one  o f  
p r o d u c i n g  a  s u i t a b l e  m a g n e t i c  m a t e r i a l  w i t h  a  s u f f i c i e n t l y  r a p i d  t r a n s i t i o n  
t o  a  h i g h  p e r m e a b i l i t y  s t a t e  a t  t h e  d e s i g n  t e m p e r a t u r e .  C o n s i d e r a b l e  
d i f f i c u l t y  was  f u r t h e r  e x p e r i e n c e d  i n  r e p r o d u c i n g  t h e  l a b o r a t o r y  
p e r f o r m a n c e  o f  t h e  s p e c i a l  m a t e r i a l s  when fo rm e d  i n t o  t h e  p r o d u c t i o n  i t e m .
F u r t h e r  d e v e lo p m e n t  o f  t h e s e  m a t e r i a l s  w as  n o t  p u r s u e d  b u t  new  
i n t e r e s t  i n  t h e  i d e a  h a s  b e e n  r e c e n t l y  shown i n  J a p a n  w h e r e  a  l o w  C u r i e  
t e m p e r a t u r e  w i r e  h a s  b e e n  p r o d u c e d  f o r  w i n d i n g  h e l i c a l l y  a r o u n d  th e  
c o n d u c t o r .  The w i r e ' s  m a g n e t i c  p r o p e r t i e s  a r e  more f a v o u r a b l e  t h a n  t h a t  o f
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th e  a l l o y s  p r o d u c e d  i n  t h e  e a r l i e r  w o rk  a n d  c a n  b e  c o n t r o l l e d  more  
c a r e f u l l y  d u r i n g  p r o d u c t i o n .
1 . 3 . 2  P e r f o r a t e d  C y l i n d e r  A e ro d y n a m ic  Dam pers
The d e s i g n  and  t e s t i n g  o f  a  p e r f o r a t e d  c y l i n d e r ,  a e r o d y n a m ic  
dam per ( F i g .  9 )  was p u r s u e d  a t  CERL (H u n t  an d  R i c h a r d s ,  1 9 6 9 ) .  U n l i k e  th e  
R i c h a r d s o n  W indam per ( R i c h a r d s o n ,  19 68 ) w h ic h  d e v e l o p s  b o t h  l i f t  an d  d r a g ,  
th e  CERL d e v i c e  r e l i e s  e n t i r e l y  on  a e r o d y n a m ic  d r a g  t o  d i s s i p a t e  g a l l o p i n g  
e n e r g y .  E a c h  c y l i n d e r  i s  225 mm i n  d i a m e t e r ,  3 .0 5  m l o n g  an d  w e i g h s  1 0 .7  
Kgs w i t h  i t s  s u p p o r t i n g  s p a c e r s . The  p e r f o r a t i o n s  w e r e  i n t r o d u c e d  a s  a  
p r e c a u t i o n  t o  a v o i d  an y  lo w  f r e q u e n c y  a e o l i a n  v i b r a t i o n  a s s o c i a t e d  w i t h  th e  
d am pers  t h e m s e l v e s .  The dam pe rs  a r e  i n s t a l l e d  i n  s t r i n g s  a t  t h e  1 / 4 -  and  
3 / 4 - s p a n  p o s i t i o n s  s o  a s  t o  p r o v i d e  d i s s i p a t i o n  i n  b o t h  t h e  o n e - l o o p  an d  
t h e  t w o - l o o p  g a l l o p i n g  m odes .
An e n e r g y  b a l a n c e  t h e o r y  (A dh am -H u gh es  e t  a l . ,  1970 ) was  
d e v e l o p e d  t o  e s t i m a t e  t h e  g a l l o p i n g  a m p l i t u d e  o f  a  s p a n  a s  a  f u n c t i o n  o f  
b o t h  w in d s p e e d  and  t h e  f r a c t i o n  o f  t h e  s p a n  c o v e r e d  b y  d a m p e r s ,  y /£  ( F i g .  
1 0 ) .  I t  c a n  b e  s e e n  f r o m  F i g .  10 , h o w e v e r ,  t h a t  r e l a t i v e l y  h i g h  
p e r c e n t a g e s  o f  l i n e  c o v e r  a r e  r e q u i r e d  t o  a c h i e v e  c o n t r o l :  t o  h a l v e  th e
g a l l o p i n g  a m p l i t u d e  -  o r  d o u b l e  t h e  w in d s p e e d  f o r  a  g i v e n  a m p l i t u d e  -  o v e r  
10% l i n e  c o v e r  i s  t h e o r e t i c a l l y  n e c e s s a r y .  G e n e r a l l y ,  t h e  i n c r e a s e d  
w e i g h t ,  w in d  an d  i c e  l o a d  i n c u r r e d  b y  i n s t a l l i n g  th e  d am pers  l i m i t s  t h e  
num ber t h a t  c a n  b e  a p p l i e d  t o  CEGB l i n e s  t o  w e l l  b e l o w  t h e  10% f i g u r e .  I n  
f i e l d  t r i a l s  on  b o t h  t w i n  a n d  q u a d  l i n e s ,  t h e  a v e r a g e  l i n e  c o v e r  a c h i e v a b l e  
was o n l y  5% w i t h  p r e d i c t e d  a v e r a g e  r e d u c t i o n s  i n  g a l l o p i n g  a m p l i t u d e ,  
c o m p a re d  w i t h  t h e  u n d a m p e red ,  p a r a l l e l  c i r c u i t ,  o f  a p p r o x i m a t e l y  10%. I t  
was h o p e d ,  h o w e v e r ,  t h a t  b e c a u s e  o f  t h e  c o n s e r v a t i v e  d a t a  e m p lo y e d  i n  t h e  
t h e o r y ,  b e t t e r  p e r f o r m a n c e  t h a n  t h i s  w o u ld  b e  a c h i e v e d  i n  p r a c t i c e .
D e s p i t e  t h e  u s e  o f  m o n i t o r i n g  e q u ip m e n t  f e w  c a s e s  o f  g a l l o p i n g  
h a v e  b e e n  r e c o r d e d  on  t h e  t r i a l  s p a n s .  The  r e s u l t s  d o ,  h o w e v e r ,  i n d i c a t e  
v e r y  l i t t l e  d i f f e r e n c e  i n  t h e  g a l l o p i n g  a m p l i t u d e  b e t w e e n  t h e  p h a s e  
e q u i p p e d  w i t h  d am pers  and  th e  c o r r e s p o n d i n g  c o n t r o l  p h a s e .  I t  seem s t h a t  
t h e  h i g h e r  p e r c e n t a g e s  o f  s p a n  c o v e r  a r e  r e q u i r e d  f o r  t h e  dam pe rs  t o  b e  
e f f e c t i v e  and  t h e i r  a p p l i c a b i l i t y  i s  t h e r e f o r e  l i m i t e d .
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1 . 3 . 3  R em ova l  o f  T o r s i o n a l  C o n s t r a i n t s
1 . 3 . 3 . 1  D e s p a c e r i n g
P i o n e e r i n g  w o rk  i n  W e s t  G erm any  b y  B ra n d  o f  PREAG an d  i n  H o l l a n d  
b y  L e p p e r s  o f  PLEM (1 9 7 8 )  d e m o n s t r a t e d  t h e  e f f e c t i v e n e s s  o f  t h e  r e m o v a l  o f  
t h e  c o n v e n t i o n a l  s p a c e r s  f r o m  b u n d l e d  l i n e s  a s  a means f o r  c o n t r o l l i n g  
g a l l o p i n g .  T h i s  was  f u r t h e r  c o n f i r m e d  b y  f i e l d  t r i a l s  i n  B e l g iu m  and  
s u b s e q u e n t l y  i n  E n g l a n d  (D i e n n e  e t  a l . ,  1 9 8 5 ) .  E x c h a n g e s  t h a t  h a v e  t a k e n  
p l a c e  t h r o u g h  th e  CORECH G ro u p  h a v e  c o n f i r m e d  t h a t ,  i n  a l l  t h e  u t i l i t i e s  
w h e re  t h i s  t e c h n i q u e  h a s  b e e n  s u c c e s s f u l ,  w e t  snow  i s  t h e  p r i n c i p a l  c a u s e  
o f  g a l l o p i n g  -  r a t h e r  t h a n  f r e e z i n g  r a i n  o r  r im e .  I t  h a s  a l s o  b e e n  
c o n f i r m e d  t h a t  i t  i s  t h e  common e x p e r i e n c e  o f  t h e s e  u t i l i t i e s  t h a t  b u n d l e  
c o n d u c t o r s  g a l l o p  more r e a d i l y  t h a n  s i n g l e  c o n d u c t o r s  o r  e a r t h w i r e s . T h i s  
o b s e r v a t i o n  i s  a p p a r e n t l y  c o n t r a d i c t e d  b y  N .  A m e r i c a n ,  N . E u r o p e a n  and  
S c a n d i n a v i a n  e x p e r i e n c e  an d  r e m a in s  a  p a r a d o x  a t  p r e s e n t  (D i e n n e  e t  a l . ,  
19 85 ) .
The d e s p a c e r i n g  a p p r o a c h  i s  t h o u g h t  t o  w o rk  a s  a  r e s u l t  o f  
m o d i f y i n g  t h e  i c e  a c c r e t i o n  s h a p e  t h a t  fo rm s  on  t h e  c o n d u c t o r s . R em ov ing  
t h e  s p a c e r s  l o w e r s  t h e  t o r s i o n a l  s t i f f n e s s  o f  t h e  c o n d u c t o r s  s o  t h a t  t h e  
l a t t e r  c a n  r o t a t e  u n d e r  t h e  t o r q u e  o f  e c c e n t r i c  i c e  l o a d s ,  l e a d i n g  t o  a 
f i n a l  a c c r e t i o n  o f  r o u g h l y  c i r c u l a r  s h a p e  ( s e e  F i g .  1 1 ) .  By  c o m p a r i s o n ,  
t h e  s t i f f e r ,  s p a c e r e d  c o n d u c t o r s  c a n n o t  r o t a t e  and  e c c e n t r i c  i c e  s h a p e s  
fo rm  ( s e e  F i g .  1 2 ) .  T h e s e  l a t t e r  s h a p e s  a r e  t h o u g h t  l i k e l y  t o  b e  
a e r o d y n a m i c a l l y  m ore u n s t a b l e  t h a n  t h e  f o r m e r .
I n  a d d i t i o n  t o  d i f f e r e n c e s  i n  i c e  s h a p e ,  t h e  f r e q u e n c y  r a t i o  
b e t w e e n  c o r r e s p o n d i n g  t o r s i o n a l  an d  v e r t i c a l  modes o f  o s c i l l a t i o n  o f  a  
b u n d l e  a r e  c l o s e  t o  u n i t y  w h e r e a s ,  f o r  s i n g l e  c o n d u c t o r s  t h e y  a r e  o f  o r d e r  
5 t o  10 . S i n c e  c o u p l e d  v e r t i c a l / t o r s i o n a l  m o t io n  i s  a  f e a t u r e  o f  many 
o b s e r v a t i o n s  o f  g a l l o p i n g ,  i t  seem s l i k e l y  t h a t  t h e  h i g h e r  f r e q u e n c y  r a t i o s  
a s s o c i a t e d  w i t h  s i n g l e  c o n d u c t o r s  may c o n t r i b u t e  t o  t h e i r  s t a b i l i t y  and  t h e  
e f f e c t i v e n e s s  o f  s p a c e r  r e m o v a l .
T r i a l s  o f  d e s p a c e r i n g  h a v e  b e e n  c o n d u c t e d  on  a  num ber o f  s e c t i o n s  
o f  CEGB l i n e s  o f  b o t h  t w i n  175 mm2 ACSR ( 1 9 . 5  mm d i a m e t e r )  an d  t w i n  400 mm2 
ACSR ( 2 8 . 6  mm d i a m e t e r )  w i t h  g o o d  r e s u l t s .  P o s i t i v e  o b s e r v a t i o n s  o f  
s t a b l e ,  d e s p a c e r e d  b u n d l e s  h a v e  b e e n  made w h i l s t  p a r a l l e l ,  s p a c e r e d  
c i r c u i t s  g a l l o p e d .  I n  v i e w  o f  t h i s ,  a  d o u b l e  c i r c u i t  l i n e ,  20 km l o n g ,  h a s  
now b e e n  r e f u r b i s h e d  a n d  r e s t r u n g  w i t h  t w i n  500 mm? ACAR ( 3 0 . 3  mm d i a m e t e r )
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e n t i r e l y  w i t h o u t  s p a c e r s .  The i n i t i a l  c h o i c e s  o f  b u n d l e  s p a c i n g  was  500 mm 
h o r i z o n t a l  b y  400 mm v e r t i c a l  an d  was  a d o p t e d  a s  a  c o u n t e r m e a s u r e  a g a i n s t  
s u b c o n d u c t o r  c l a s h i n g  f o l l o w i n g  t h e  d e s p a c e r i n g  o f  t h e  b u n d l e .  T h i s  p r o v e d  
i n a d e q u a t e  an d  l e d  t o  s u b - c o n d u c t o r  c l a s h i n g  u n d e r  h i g h  w in d  c o n d i t i o n s  i n  
some s e c t i o n s .  The s p a c i n g  h a s  b e e n  m o d i f i e d  t o  500 mm b y  670 mm an d  t h i s  
h a s  p r o v e d  t o  b e  s a t i s f a c t o r y .  A f t e r  t h e  d e s p a c e r i n g  o f  t h e  l i n e s  no  
g a l l o p i n g  f a u l t s  w e r e  e x p e r i e n c e d  on  t h i s  r o u t e  d u r i n g  t h e  w i n t e r  1984/85  
b u t  t h e  ju m p e r s  on  one  c i r c u i t  a t  on e  t o w e r  s u f f e r e d  f a t i g u e  dam age th e  
ju m p e r  c o m p r e s s i o n s  an d  a t  t h e  ju m p e r  w e i g h t s .  The  c a u s e  o f  t h i s  p r o b le m  
i s  n o t  known : an  a u t o m a t i c ,  v i d e o  m o n i t o r i n g  s y s t e m  h a s  b e e n  i n s t a l l e d  t o
d e t e r m in e  t h e  c a u s e .
1 . 3 . 3 . 2  Hoop s p a c e r s
The d e s p a c e r i n g  a p p r o a c h  r e q u i r e s  t h e  u s e  o f  a  v e r t i c a l  
s e p a r a t i o n  b e t w e e n  s u b - c o n d u c t o r s  ( w i t h  o r  w i t h o u t  a  h o r i z o n t a l  
s e p a r a t i o n ) .  F o r  b u n d l e s  i n i t i a l l y  d e s i g n e d  a s  h o r i z o n t a l  t w i n s ,  t h e  
i n t r o d u c t i o n  o f  an  a d e q u a t e  v e r t i c a l  s e p a r a t i o n  may b e  u n a c c e p t a b l e  f o r  
e l e c t r i c a l  c l e a r a n c e  r e a s o n s .  An e x t e n s i o n  o f  t h e  d e s p a c e r i n g  i d e a  i s  t o  
i n s t a l l  some k i n d  o f  s p a c e r  w h ic h  a l l o w s  t h e  h o r i z o n t a l  b u n d l e  f o r m a t  t o  b e  
r e t a i n e d  b u t  w h ic h  p r o v i d e s  no  t o r s i o n a l  c o n s t r a i n t  t o  t h e  s u b c o n d u c t o r s . 
The hoop  s p a c e r  p r o p o s e d  b y  L e p p e r s  o f  PLEM (1 9 7 8 )  i s  s u c h  a  d e v i c e  an d  h a s  
p e r f o r m e d  s u c c e s s f u l l y  on  a  PLEM t r i a l  s e c t i o n  o f  l i n e .
The p r e f o r m e d  s p i r a l  h oop  s p a c e r s  u s e d  b y  L e p p e r s  ( s e e  F i g .  13 )  
a r e  made o f  h i g h  im p a c t  PVC a n d  h a v e  b e e n  u s e d  a t  150 kV .  T e s t s  a t  CERL 
sh ow ed  u n a c c e p t a b l e  c o r o n a  p e r f o r m a n c e  f o r  275 kV l i n e s  b e c a u s e  o f  
d i s c h a r g e s  w h e r e  t h e  s p i r a l  t o u c h e s  t h e  s u b c o n d u c t o r  ( B a r b e r ,  P . B . ,  1 9 8 3 ) .  
T e c h n iq u e s  f o r  o v e r c o m in g  t h i s  p r o b l e m  a r e  b e i n g  i n v e s t i g a t e d :  F i g .  13
show s  t h e  b a s i c  hoop  s p a c e r  w i t h  a  c o n d u c t i n g  c o a t i n g  on  t h e  s p i r a l  
p o r t i o n s  and  F i g .  14 show s  a  m o ck -u p  o f  a n  a l t e r n a t i v e  fo rm  o f  a  PVC h oop  
s u p p o r t e d  on  a  m e t a l l i c  s u p p o r t .  The m a n u f a c t u r e r s  o f  t h e  s p i r a l  h o o p s ,  
P r e fo r m e d  L i n e  P r o d u c t s  L t d . , a r e  a l s o  i n v e s t i g a t i n g  s e m i - c o n d u c t i n g  
m a t e r i a l s . C o ro n a  t e s t i n g  o f  t h e s e  d e v i c e s  i s  a w a i t e d  b e f o r e  f u r t h e r  
d e v e lo p m e n t  t a k e s  p l a c e .
1 . 3 . 4  Pendu lum  D e t u n e r s
The o b s e r v a t i o n s  t h a t  t h e  g a l l o p i n g  o f  s i n g l e  c o n d u c t o r s  an d  o f  
b u n d l e d  c o n d u c t o r s  v e r y  commonly i n v o l v e s  b o t h  v e r t i c a l  an d  t o r s i o n a l  
m o t io n  l e d  O n t a r i o - H y d r o  t o  d e v e l o p  a  p en d u lum  d e t u n e r  ( H a v a r d ,  1 9 7 9 ) ,  s e e
- 1.7 -
F i g .  15 . The p u r p o s e  o f  t h i s  d e v i c e  i s  t o  m a i n t a i n  a  s e p a r a t i o n  b e t w e e n  
t h e  c o r r e s p o n d i n g  t o r s i o n a l  an d  v e r t i c a l  m oda l  f r e q u e n c i e s  s o  t h a t  h i g h l y  
c o u p l e d ,  v e r t i c a l / t o r s i o n a l  m o t io n  i s  much l e s s  l i k e l y  t o  o c c u r ,  d e s p i t e  
t h e  i n f l u e n c e  o f  b o t h  i c e  a c c r e t i o n  e c c e n t r i c i t y  an d  a e r o d y n a m ic  moment 
w h ic h  may t e n d  t o  b r i n g  them t o g e t h e r .  T h e r e  a r e  J a p a n e s e  d e v i c e s  w h ic h  
a r e  a l s o  d e s i g n e d  t o  p r e v e n t  s u c h  c o u p l i n g ,  u s i n g  t u n e d  t o r s i o n a l  
s p r in g / m a s s  s y s t e m s  (M a t s u b a y a s h i  e t  a l , ,  1978 and  M in yu  e t  a l . ,  1978 )  b u t  
t h e  O n t a r i o - H y d r o  d e v i c e  h a s  t h e  m e r i t  o f  g r e a t  s i m p l i c i t y .
The f i e l d  t r i a l s  o f  t h i s  d e v i c e ,  o r g a n i z e d  i n  N . A m e r ic a  b y  
O n t a r i o - H y d r o  and  E P R I ,  w e r e  e x t e n d e d  t o  E u ro p e  a s  a  r e s u l t  o f  t h e  
i n t e r a c t i o n s  w i t h i n  th e  CORECH G r o u p .  Pendu lu m s  h a v e  b e e n  i n s t a l l e d  on  
t r i a l  s e c t i o n s  o f  b o t h  a  t w i n  an d  q u a d  l i n e s  i n  n o r t h - w e s t  E n g l a n d  s i n c e  
1979/80 . A v e r y  e n c o u r a g i n g  o b s e r v a t i o n  was made on  th e  q u a d  l i n e  o f  t h e  
f i v e  u n t r e a t e d  p h a s e s  g a l l o p i n g  w h i l s t  t h e  t r e a t e d  p h a s e  was  s t a b l e  d u r i n g  
t h e  f i r s t  w i n t e r .  S u b s e q u e n t l y ,  f u r t h e r  o b s e r v a t i o n s  h a v e  t a k e n  p l a c e  a t  
t h e s e  s i t e s . I t  i s  h o p e d  t o  e x t e n t  t h e  t r i a l s  o f  t h e s e  d e v i c e s  o n c e  a  
s u i t a b l e  m o n i t o r i n g  s y s t e m  h a s  b e e n  d e v e l o p e d  i n  o r d e r  t o  im p ro v e  t h e  r a t e  
a t  w h ic h  o b s e r v a t i o n s  o f  p e r f o r m a n c e  c a n  b e  o b t a i n e d .
1 . 3 . 5  M e c h a n ic a l  Dam pers
C o n s i d e r a b l e  t h e o r e t i c a l  w o rk  was  done  a t  CERL on  t h e  p e r f o r m a n c e  
o f  v a r i o u s  t y p e s  o f  m e c h a n ic a l  d am pe rs  ( A l l n u t t  and  R ow bo ttom , 1979 )  
i n c l u d i n g  b o t h  i n - s p a n  dam pe rs  an d  a  c r o s s - a r m  m ounted ,  t o r s i o n a l  d am pe r .  
A l t h o u g h  b o t h  m ethods  w e r e  show n  t o  b e  a b l e  t o  p r o v i d e  h i g h  l e v e l s  o f  
d a m p in g ,  i n  p r i n c i p l e ,  f o r  s e l e c t e d  modes o f  o s c i l l a t i o n ,  t h e y  h a v e  
s u b s t a n t i a l  d i s a d v a n t a g e s  i n  t e rm s  o f  d e v e lo p m e n t  a n d  t e s t i n g .  The  
c r o s s - a r m  m ounted  d a m p e r ,  i n  p a r t i c u l a r ,  w o u ld  r e q u i r e  i n s u l a t o r  s t r i n g  and  
p o s s i b l y  c r o s s - a r m  m o d i f i c a t i o n ,  s o  t h a t  i t  w o u ld  b e  e x p e n s i v e  t o  i n s t a l l  
a n d  o n l y  v e r y  l i m i t e d  f i e l d  t r i a l s  w o u ld  b e  p o s s i b l e .  None o f  t h e s e  
t e c h n i q u e s  h a v e  b e e n  p u r s u e d .
1 . 4  OTHER COUNTERMEASURES
A v a r i e t y  o f  o t h e r  c o u n t e r m e a s u r e s  h a v e  b e e n  r e p o r t e d ,  i n c l u d i n g  
t h e  R u s s i a n  ' T '  a e r o d y n a m ic  d a m p e r ,  t h e  A i r f l o w  S p o i l e r  ( P r e f o r m e d  L i n e  
P r o d u c t s ) , t h e  T o r s i o n a l  C o n t r o l  G a l l o p i n g  Damper (Sum itom o  E l e c t r i c  
I n d u s t r i e s )  an d  t h e  TLG Damper (F u r u k a w a  E l e c t r i c  C o . ) .  A num ber o f  t h e s e  
a r e  r e p o r t e d  t o  h a v e  show n  p r o m i s e  b u t  t h e r e  i s  no  c u r r e n t  e x p e r i e n c e  w i t h  
t h e i r  u s e .
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FIG. 6 ARCING DAMAGE INSIDE ALUMINIUM CLAMP
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FIG. 7 DE-ICING ELEMENTS ON 132 kV LINE
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FIG. 9 CERL AERODYNAMIC DAMPER
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CHAPTER 2
SURVEY OF PREVIOUS WORK
2 .1  INTRODUCTION
I c e  a c c r e t i o n s  on  t r a n s m i s s i o n  l i n e s  c a n  c a u s e  tw o  m ain  t y p e s  o f
p r o b l e m :
( 1 )  i n c r e a s e d  q u a s i - s t e a d y  l o a d s  e i t h e r  f r o m  i c e  w e i g h t  o r  c o m b in e d  
i c e  w e i g h t  a n d  w in d  l o a d
( 2 )  a  w i n d - i n d u c e d  i n s t a b i l i t y  o f  t h e  c o n d u c t o r s ,  known a s  
g a l l o p i n g .
I n  t h e  c a s e  o f  t h e  CEGB s y s t e m ,  th e  f o r m e r  p r o b le m  r a r e l y  c a u s e s  dam age t o  
t h e  l i n e  s t r u c t u r e  a l t h o u g h  i t  c a n  o c c a s i o n a l l y  l e a d  t o  o p e r a t i o n a l  
d i f f i c u l t i e s  a r i s i n g  f r o m  t h e  i n c r e a s e d  s a g  o f  th e  c o n d u c t o r s  o r  a t  t im e s  
o f  i c e  r e l e a s e .  E l e c t r i c a l  f a u l t s  c a u s e d  b y  g a l l o p i n g ,  h o w e v e r ,  o c c u r  
a n n u a l l y  a n d ,  i n  c e r t a i n  c i r c u m s t a n c e s ,  c a n  p o s e  a  s e r i o u s  t h r e a t  t o  s y s te m  
s e c u r i t y .
G a l l o p i n g  c a n  o c c u r  i f  t h e  i c e  a c c r e t i o n  fo rm e d  on  t h e  c o n d u c t o r  
h a s  u n s t a b l e  a e r o d y n a m ic  c h a r a c t e r i s t i c s  an d  w in d s  m a i n ly  n o rm a l  t o  t h e  
l i n e  w i t h  s p e e d s  e x c e e d i n g  a p p r o x i m a t e l y  8  m s~ l . The  l i n e  m o t io n  g e n e r a l l y  
t a k e s  t h e  fo rm  o f  a  l a r g e  a m p l i t u d e ,  l o w  f r e q u e n c y ,  p r i n c i p a l l y  v e r t i c a l  
o s c i l l a t i o n  o f  an  e n t i r e  s p a n  o f  c o n d u c t o r s :  i t  may, i n d e e d ,  b e  c o u p l e d  t o
s e v e r a l  s p a n s  f o r m i n g  t h e  l i n e  s e c t i o n  b e t w e e n  t e n s i o n  o r  a n g l e  t o w e r s  
( E d i s o n ,  E l e c t r i c  I n s t i t u t e ,  1977 ;  O l d a c r e ,  1949 ; A n jo  e t  a l . ,  1 9 7 4 ) .
O f t e n  a  t o r s i o n a l  m o t io n  o f  t h e  c o n d u c t o r s  i s  c o u p l e d  w i t h  t h e i r  v e r t i c a l  
m o t io n .  F o r  t y p i c a l  s p a n  l e n g t h s  o f  o r d e r  360 m, m o t io n  f r e q u e n c i e s  w i l l  
g e n e r a l l y  b e  i n  t h e  r a n g e  o f  0 .1 6  o r  0 .5  H z ,  c o r r e s p o n d i n g  t o  t h e  s p a n ' s  
fu n d a m e n t a l  and  lo w  o r d e r  h a r m o n i c s ; a m p l i t u d e s  may r a n g e  f r o m  1 m t o  1 0  m 
o r  m o re ,  p e a k - t o - p e a k .  I f  s e p a r a t e  p h a s e s  i n  a c i r c u i t  a p p r o a c h  
s u f f i c i e n t l y  c l o s e  t o g e t h e r ,  a  f l a s h o v e r  o c c u r s ,  b u r n i n g  t h e  a lu m in iu m  
s t r a n d s  o f  t h e  c o n d u c t o r s  an d  c a u s i n g  t r a n s i e n t  d i s c o n n e c t i o n  o f  t h e  l i n e  
b y  i t s  p r o t e c t i o n  e q u ip m e n t .  O v e r l a p p i n g  f a u l t s  c a n  c a u s e  s u p p l y  
d i s r u p t i o n  o r  b l a c k o u t s ;  s u s t a i n e d  g a l l o p i n g  c a n  l e a d  t o  s e v e r e  c o n d u c t o r  
dam age ( F i g .  2 )  an d  e v e n  f a i l u r e  o f  l i n e  com pon en ts  an d  t o w e r  s t r u c t u r a l  
members ( F i g .  3 ) .
The m e t e o r o l o g i c a l  c o n d i t i o n s  p o s i n g  th e  m ost s e v e r e  t h r e a t  t o  
t h e  CEGB s y s t e m ' s  s e c u r i t y  a p p e a r  t o  b e  t h o s e  a s s o c i a t e d  w i t h  w e t  snow .  
B l i z z a r d  c o n d i t i o n s  w i t h  a m b ie n t  t e m p e r a t u r e s  c l o s e  t o  0 °C  c a n  e x i s t  o v e r  
t h o u s a n d s  o f  s q u a r e  k i l o m e t r e s  f o r  many h o u r s ,  a f f e c t i n g  t e n s  o f  c i r c u i t s  
s i m u l t a n e o u s l y .  T h u s ,  on  13 D ecem b er  1981 (UK D e p t ,  o f  E n e r g y / E l e c .  S u p p l y
- 2.2 -
I n d u s t r y  R e p o r t ,  1982 )  b l i z z a r d  c o n d i t i o n s  w i t h  g a l e  f o r c e  w in d s  s w e p t  i n  
o v e r  th e  C o r n i s h  p e n i n s u l a r ,  a t  t im e s  c o v e r i n g  r o u g h l y  h a l f  t h e  a r e a  o f  
E n g la n d  an d  W a le s .  316 t r a n s i e n t  f a u l t s  w e r e  s u b s e q u e n t l y  r e c o r d e d  on  th e  
CEGB s y s te m  i n  a 14 h o u r  p e r i o d ,  w i t h  a  p e a k  r a t e  o f  50 f a u l t s  p e r  h o u r .
I n  c o n t r a s t  i n - c l o u d ,  r im e  i c i n g  o r  f r e e z i n g  r a i n  a p p e a r  t o  be  
more l o c a l i z e d  e v e n t s  w h ic h  m a i n ly  o c c u r  a t  e l e v a t e d  s i t e s  w i t h  l e s s  im p a c t  
on sy s t e m  s e c u r i t y .  T h ey  c a n  h o w e v e r  c a u s e  s u s t a i n e d  s e v e r e  o v e r h e a d  
c o n d u c t o r  g a l l o p i n g  -  a s  w i t n e s s e d  on  a  f o r t y  k i l o m e t r e  s e c t i o n  o f  t h e  
400 kV l i n e  f r o m  R o c h d a l e  t o  B r a d f o r d  i n  F e b r u a r y  1986 -  l e a d i n g  t o  l e n g t h y  
o u t a g e s  f o l l o w i n g  c o n d u c t o r  an d  h a r d w a r e  d am age .  O ut o f  m e r i t  g e n e r a t i o n  
c o s t s  r e s u l t i n g  f r o m  t h e s e  l i n e  o u t a g e s  c a n  b e  v e r y  s i g n i f i c a n t ,  
p a r t i c u l a r l y  f o r  t r a n s - P e n n i n e  l i n e s .
2 . 2  A V A IL A B IL IT Y  OF AERODYNAMIC DATA
B e c a u s e  g a l l o p i n g  r e q u i r e s  t h e  s im u l t a n e o u s  o c c u r r e n c e  o f  
s p e c i f i c  c o n d i t i o n s  o f  w in d s p e e d ,  w in d  d i r e c t i o n ,  t e m p e r a t u r e  an d  
p r e c i p i t a t i o n ,  i t  i s  a  r a r e  e v e n t  a t  an y  c h o s e n  l i n e  s p a n .  The g a t h e r i n g  
o f  d a t a  an d  t h e  f i e l d  t e s t i n g  o f  t h e o r i e s  an d  c o n t r o l  d e v i c e s  a r e ,  
t h e r e f o r e ,  l e n g t h y  an d  d i f f i c u l t  t a s k s .  I t  i s  an  a r e a  w h e r e  e x c h a n g e s  o f  
d a t a  on an  i n t e r n a t i o n a l  b a s i s  c a n  b e  p a r t i c u l a r l y  b e n e f i c i a l :  s u c h
e x c h a n g e s  h a v e  b e e n  t a k i n g  p l a c e  i n  r e c e n t  y e a r s  t h r o u g h  a  CIGRE T a s k  
F o r c e ,  a g r o u p  o r i g i n a l l y  o r g a n i z e d  b y  CORECH, t h e  r e s e a r c h  c o m m it te e  o f  
UNIPEDE. I t  h a s  becom e a p p a r e n t  f r o m  t h e s e  e x c h a n g e s  t h a t  s e v e r a l  
u t i l i t i e s  i n  NW E u r o p e  f i n d  w e t  snow  t o  b e  t h e  m a jo r  c a u s e ,  o f  t h e i r  
g a l l o p i n g  (D i e n n e  e t  a l . ,  1985 ) w h i l s t  i n  N . A m e r i c a  -  i n  p a r t i c u l a r ,  i n  
C an a d a  -  t h e  m a jo r  c a u s e  o f  g a l l o p i n g  i s  f r e e z i n g  r a i n .  T h e s e  e x c h a n g e s  
h a v e  a l s o  i d e n t i f i e d  a p p a r e n t  d i f f e r e n c e s  i n  e x p e r i e n c e  i n  N . A m e r i c a  and  
NW E u r o p e  c o n c e r n i n g  t h e  p r o p e n s i t y  o f  c e r t a i n  t y p e s  o f  l i n e  c o n s t r u c t i o n  
t o  g a l l o p  ( D i e n n e ,  B r a n d ,  L e p p e r s ,  C o u v r e u r  a n d  T u n s t a l e ,  1985 )  e t  a l . ,  
1 9 8 5 ) .  I t  i s  p a r t i c u l a r l y  im p o r t a n t  t o  b e  a w a r e  o f  t h i s  s i n c e  much o f  t h e  
p u b l i s h e d  d a t a  on  g a l l o p i n g  an d  on  t h e  s h a p e s  an d  a e r o d y n a m ic s  o f  i c e d  
c o n d u c t o r s  a r e  o f  N . A m e r i c a n  o r i g i n  ( C h e e r s ,  1950 ; R i c h a r d s o n ,  M a r t u c e l l i  
a n d  P r i c e ,  1963 ; N i g o l  an d  B u c h an ,  1981 ; R i c h a r d s o n ,  1 9 8 1 ) ,  and  a  num ber o f  
t h e s e  a r e  b a s e d  on  i d e a l i z e d  r a t h e r  t h a n  a c t u a l  i c e  s h a p e s  ( C h e e r s ,  1950 ;  
R i c h a r d s o n  e t  a l . ,  1 9 6 3 ) .  The  e x t e n t  t o  w h ic h  t h e s e  d a t a  c a n  b e  a p p l i e d  t o  
o t h e r  c l i m a t e s  i s  n o t  c e r t a i n .  I t  i s  a l s o  a p p a r e n t  t h a t  t h e r e  a r e  
fu n d a m e n t a l  c o n t r o v e r s i e s  o v e r  t h e  t y p e  o f  a e r o d y n a m ic  i n s t a b i l i t y  m a i n ly  
r e s p o n s i b l e  f o r  g a l l o p i n g  ( N i g o l  a n d  B u c h a n ,  1981 ;  R i c h a r d s o n ,  1 9 8 1 ) .  A
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r a n g e  o f  i n s t a b i l i t y  t y p e s  a r e  p o s s i b l e  ( R a w l i n s ,  19 79 )  b u t  e a c h  t y p e  
d e p e n d s  c r u c i a l l y  on  t h e  p r e c i s e  a e r o d y n a m ic s  o f  t h e  i c e  a c c r e t i o n ,  w h ic h  
a r e  i n  t u r n  d e p e n d e n t  on  t h e  a c c r e t i o n ’ s s h a p e .  I t  s h o u l d  a l s o  b e  n o t e d  
t h a t  t h e  i n s t a b i l i t i e s  a r e  o f  an  a e r o e l a s t i c  n a t u r e  s o  t h a t  s p e c i f i c  
d yn am ic  m e c h a n ic a l  p r o p e r t i e s  o f  t h e  c o n d u c t o r  s y s t e m  p l a y  an  im p o r t a n t  
r o l e  i n  t h e i r  o n s e t .
2 . 3  NEED FOR REAL AERODYNAMIC DATA
S i n c e  t h e  e f f e c t i v e n e s s  o f  a n y  p r o p o s e d  g a l l o p i n g  c o n t r o l  
t e c h n i q u e  c a n  b e  h e a v i l y  d e p e n d e n t  on  t h e  t y p e  o f  i n s t a b i l i t y  W h ich  a r i s e s  
i n  p r a c t i c e ,  i t  i s  im p o r t a n t  t o  b e  a b l e  t o  j u d g e  th e  r e l a t i v e  f r e q u e n c y  o f  
o c c u r r e n c e  o f  t h e  v a r i o u s  t y p e s  o f  i n s t a b i l i t y  u n d e r  t h e  e n v i r o n m e n t a l  
c o n d i t i o n s  and  m e c h a n ic a l  p r o p e r t i e s  r e l e v a n t  t o  o n e s  own t r a n s m i s s i o n  l i n e  
c o n s t r u c t i o n .  To  t h i s  e n d ,  a  p rogram m e o f  w o rk  a im ed  a t  c o l l e c t i n g  r e a l  
i c e  s h a p e s  -  p a r t i c u l a r l y  t h o s e  fo rm e d  u n d e r  w e t  snow  c o n d i t i o n s  -  
d e t e r m i n i n g  t h e i r  a e r o d y n a m ic  c h a r a c t e r i s t i c s  an d  i d e n t i f y i n g  th e  t y p e s  o f  
i n s t a b i l i t y  t h e y  c a n  s u p p o r t  h a s  b e e n  i n i t i a t e d  an d  i s  d e s c r i b e d  i n  t h i s  
t h e s i s .
CHAPTER 3 
CURRENT RESEARCH
3 .1  INTRODUCTION
So f a r ,  t h e  a e r o d y n a m ic  d a t a  t h a t  h a s  b e e n  u s e d  i n t e r n a t i o n a l l y  
( s e e  C h a p t e r  2 )  f o r  t h e o r e t i c a l  s t u d i e s  o f  g a l l o p i n g  h a v e  b e e n  b a s e d  a lm o s t  
e n t i r e l y  on  ' n o t i o n a l *  o r  ' i d e a l i z e d '  i c e  s h a p e s  and  t h e s e  c a n n o t  b e  
c o n s i d e r e d  a d e q u a t e .  A r e c e n t  s t u d y  b y  O n t a r i o - H y d r o  ( N i g o l  and  B u ck an ,  
1981 ) d i d  e m p lo y  i c e  s h a p e s  g e n e r a t e d  i n  a n  e n v i r o n m e n t a l  c h a m b e r ,  u s i n g  
w a t e r  s p r a y e d  u n d e r  f r e e z i n g  c o n d i t i o n s . Such  c o n d i t i o n s  w e r e  c o n s i d e r e d  
t o  b e  a  r e a s o n a b l y  r e a l i s t i c  s i m u l a t i o n  o f  t h e  f r e e z i n g  r a i n ,  i c e  s to rm s  
t h a t  a r e  th e  m a in  c a u s e  o f  g a l l o p i n g  i n  C an ad a  a n d ,  i n d e e d ,  i n  N o r t h  
A m e r i c a ,  i n  g e n e r a l .  T h e y  a r e  n o t ,  h o w e v e r ,  t y p i c a l  o f  t h e  UK w h e re  m ost  
g a l l o p i n g  o c c u r s  u n d e r  c o n d i t i o n s  o f  w e t  snow .
U n t i l  r e c e n t l y ,  l i t t l e  w o rk  on  t h e  a c t u a l  s h a p e  a n d  a e r o d y n a m ic s  
o f  t h e  i c e  a c c r e t i o n s  c a u s i n g  g a l l o p i n g  h a d  b e e n  done  i n  t h e  UK. The  
e n e r g y  b a l a n c e  t h e o r y  u s e d  f o r  e s t i m a t i n g  t h e  a e r o d y n a m ic  dam per  
p e r f o r m a n c e  (A ld h a m -H u g h e s  e t  a l . ,  1970 )  h a d  assum ed  a  h i g h  v a l u e  o f  CE 
a s  a  means f o r  m ak in g  a  c o n s e r v a t i v e  e s t i m a t e  o f  w in d  e n e r g y  i n p u t .
H o w e v e r ,  t e c h n i q u e s  o f  c o n t r o l  w h ic h  a r e  c u r r e n t l y  s h o w in g  more p r o m is e  
th a n  a  d am pin g  a p p r o a c h  -  e . g .  d e s p a c e r i n g  an d  d e t u n i n g  ( s e e  C h a p t e r  2 )  -  
n e e d  t o  b e  b a s e d  on more d e t a i l e d  c o n s i d e r a t i o n s  o f  i c e  s h a p e  and  
a e r o d y n a m ic s .  T h i s  dem ands a  k n o w le d g e  o f  t h e  i c e  s h a p e s  i n v o l v e d ,  a s  
f u n c t i o n s  o f  t h e  l i n e  p a r a m e t e r s ,  s u c h  a s  c o n d u c t o r  t o r s i o n a l  s t i f f n e s s  and  
s p a n  l e n g t h .  I t  h a s  a l s o  becom e a p p a r e n t  t h a t  t h e  e x c e l l e n t  O n t a r i o - H y d r o  
s t u d i e s ,  b a s e d  on s i m u l a t e d  f r e e z i n g  r a i n  ( N i g o l  and  B u c h a n ,  1979 ) may n o t  
b e  w h o l e l y  r e l e v a n t  t o  t h e  w e t  snow  a c c r e t i o n s  p r e v a l e n t  i n  t h e  UK. The  
c u r r e n t  c o n t r o v e r s y  o v e r  t h e  p r o p e n s i t y  o f  b u n d l e d  c o n d u c t o r s  t o  g a l l o p  a s  
c o m p a red  t o  s i n g l e s  may r e f l e c t  t h e  im p o r t a n c e  o f  a c c r e t i o n  t y p e  and  
c e r t a i n l y  s u g g e s t s  c a u t i o n  i n  a s s u m in g  t h a t  g a l l o p i n g  c o n t r o l  t e c h n i q u e s  
c a n  b e  s i m p ly  t r a n s p o r t e d  f r o m  one  e n v i r o n m e n t  t o  a n o t h e r .
3 . 2  SCOPE QF RESEARCH
The m a jo r  s o u r c e  o f  i c e - r e l a t e d  p r o b le m s  on  t h e  C E G B 's  
t r a n s m i s s i o n  sy s t e m  i s  c o n s i d e r e d  t o  b e  t h e  g a l l o p i n g  o f  o v e r h e a d  l i n e s  
c a u s e d  b y  t h e  a c c r e t i o n s  w i t h  a e r o d y n a m i c a l l y  u n s t a b l e  c h a r a c t e r i s t i c s .  I n  
o r d e r  t o  s u p p o r t  t h e  d e v e lo p m e n t  a n d  a s s e s s m e n t  o f  g a l l o p i n g  c o n t r o l  
t e c h n i q u e s ,  a e r o d y n a m ic  d a t a  a p p r o p r i a t e  t o  t h e s e  a c c r e t i o n s  a r e  r e q u i r e d .
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A t e c h n i q u e  f o r  c o l l e c t i n g  i c e  a c c r e t i o n s  h a s  b e e n  d e v e l o p e d  and  
t h i s  t h e s i s  d e s c r i b e s  th e  f i r s t  n a t u r a l l y  o c c u r r i n g  i c e  s h a p e s  c o l l e c t e d ,  
m o u lde d  and  t e s t e d .
F a i t h f u l  r e p r o d u c t i o n s  o f  t h e  more s u i t a b l e  i c e  s h a p e s  w e re  
s u c c e s s f u l l y  c a s t  i n  s i l i c o n e  r u b b e r  f r o m  w h ic h  a c c u r a t e  w in d  t u n n e l  m o d e ls  
w e re  m ade. T h ey  w e r e  t e s t e d  u s i n g  a  s p e c i f i c a l l y  d e s i g n e d  w in d  t u n n e l  r i g  
w h ic h  a l l o w e d  t h e  l i f t ,  d r a g  an d  p i t c h i n g  moment o f  t h e  m ode l  t o  be  
m e a s u re d  a s  a  f u n c t i o n  o f  a n g l e  o f  a t t a c k  an d  w in d  s p e e d .  E ac h  i c e  
a c c r e t i o n  was  t e s t e d  b o t h  a s  a s i n g l e  i s o l a t e d  c o n d u c t o r  an d  a s  t h e  
d o w n st re a m  c o n d u c t o r  i n  a t w i n  b u n d l e .
From t h e  a e r o d y n a m ic  d a t a  t h e  g r a d i e n t s  o f  l i f t ,  d r a g  and  
p i t c h i n g  moment w i t h  r e s p e c t  t o  a n g l e  o f  a t t a c k  w e r e  c a l c u l a t e d  and  
c o n s i d e r a t i o n  g i v e n  t o  t h e i r  s t a b i l i t y  c h a r a c t e r i s t i c s .
T he  c o m p a r i s o n  o f  t h e  a e r o d y n a m ic  c h a r a c t e r i s t i c s  o f  t h e  w e t  snow  
w i t h  t h o s e  o f  t h e  f r e e z i n g  r a i n  was o f  p a r t i c u l a r  i n t e r e s t .  The  l i f t  and  
moment g r a d i e n t s  w e r e  f o u n d  t o  b e  5 t o  1 0  t im e s  t h o s e  o f  t h e  l a t t e r  an d  
w o u ld  t h e r e f o r e  b e  e x p e c t e d  t o  h a v e  m ore u n s t a b l e  c h a r a c t e r i s t i c s .  The  
moment g r a d i e n t  w as  o f  p a r t i c u l a r  i n t e r e s t  s i n c e  i t  h a s  a  d i r e c t  e f f e c t  on  
b u n d l e  t o r s i o n a l  f r e q u e n c y  an d  t h e  a b i l i t y  o f  c e r t a i n  c o n t r o l  d e v i c e s  s u c h  
a s  t h e  p en d u lum  d e t u n e r s  t o  m a i n t a i n  a  f r e q u e n c y  s e p a r a t i o n  b e t w e e n  t h e  
v e r t i c a l  an d  t o r s i o n a l  f r e q u e n c i e s .  The c l a s s i c a l  on e  d e g r e e  o f  f r e e d o m ,  
v e r t i c a l  i n s t a b i l i t y  c r i t e r i o n  was  f o u n d  t o  b e  s a t i s f i e d  o v e r  o n l y  l i m i t e d  
r a n g e s  o f  a n g l e  o f  i n c i d e n c e  f o r  t h e  w e t  snow  s h a p e s ,  an d  n o t  a t  a l l  f o r  
t h e  f r e e z i n g  r a i n .  H o w e v e r ,  t h e  a e r o d y n a m ic  d a t a  w e r e  u s e d  i n  a  
t w o - d i m e n s i o n a l  t w o - d e g r e e - o f - f r e e d o m  t h e o r e t i c a l  a e r o d y n a m ic  m ode l  o f  a  
s i n g l e  an d  a  t w i n  b u n d l e  c o n d u c t o r .  The  m ode l  t a k e s  i n t o  c o n s i d e r a t i o n  
a e r o d y n a m ic  l i f t ,  d r a g ,  moment an d  i c e  e c c e n t r i c i t y ,  t h e  c o n d u c t o r  wake  
e f f e c t s  i n  t h e  b u n d l e  c o n f i g u r a t i o n  an d  t h e  m e c h a n ic a l  p r o p e r t i e s  o f  t h e  
c o n d u c t o r .
A w in d  t u n n e l  d yn am ic  r i g  w as  s p e c i f i c a l l y  d e s i g n e d  an d  t e s t s  
w e r e  c a r r i e d  o u t  on  s i n g l e  an d  t w i n  b u n d l e  c o n d u c t o r  c o n f i g u r a t i o n s .  F o r  
t h e  i c e  s h a p e s  e x a m in e d ,  i n s t a b i l i t i e s  o f  t h e  c o u p l e d  v e r t i c a l / t o r s i o n a l  
g a l l o p i n g  w e r e  e s t a b l i s h e d  b u t  no  m a i n l y  v e r t i c a l  o r  t o r s i o n a l  modes w e r e  
o b s e r v e d .  The  t w o - d i m e n s i o n a l  a e r o d y n a m ic  m o d e ls  o f  a  s i n g l e  an d  t w i n  
b u n d l e  c o n d u c t o r  w e r e  e m p lo y e d  i n  a  t h e o r e t i c a l  a n a l y s i s  i n  o r d e r  t o
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p r e d i c t  r e g i o n s  o f  i n s t a b i l i t y  o f  t h e  dynam ic ' r i g .  T h e s e  t h e o r e t i c a l  
p r e d i c t i o n s  w e r e  c o m p a red  w i t h  t h e  d yn am ic  r i g  t e s t  r e s u l t s  and  sh ow ed  g o o d  
a g r e e m e n t .
T h i s  i n i t i a l  t e s t  o f  t h e  m ethod  o f  a n a l y s i s  b y  c o m p a r i s o n  b e t w e e n  
t h e  t h e o r e t i c a l  an d  d yn am ic  t e s t  r e s u l t s  g a v e  c o n f i d e n c e  i n  t h e  a c c u r a c y  o f  
t h e  t h e o r e t i c a l  m o d e l .  S i n c e  t h i s  was  e s t a b l i s h e d ,  t h e  i n i t i a l  a n a l y s i s  
f o rm e d  t h e  b a s i s  upon  w h ic h  a  m ore s o p h i s t i c a t e d  t h r e e  d im e n s i o n a l  
a e r o e l a s t i c  m ode l  o f  a  d e t a i l e d  m u l t i s p a n  l i n e  was d e v e l o p e d .  T h i s  new  
m ode l  a l l o w e d  f o r  t h e  a e r o e l a s t i c  p r o p e r t i e s  o f  t h e  l i n e  an d  e m p lo y e d  th e  
f i n i t e  e l e m e n t  m ethod  t h e o r e t i c a l  a n a l y s i s  u s i n g  a  s p e c i f i c a l l y  d e v e l o p e d  
c a t e n a r y - c u r v e d  e l e m e n t .
The m oda l  n a t u r a l  f r e q u e n c i e s  o f  a  t w i n  c o n d u c t o r  b u n d l e  w i t h o u t  
t h e  e f f e c t s  o f  i c e  an d  w in d  w e r e  f i r s t  c a l c u l a t e d .  R e s u l t s  sh ow ed  th e  
t o r s i o n a l  f r e q u e n c i e s  t o  b e  h i g h e r  t h a n  t h e  c o r r e s p o n d i n g  v e r t i c a l  
f r e q u e n c i e s . The  a n a l y s i s  c o n t i n u e d  c a l c u l a t i n g  t h e  m oda l  f r e q u e n c i e s , 
mode s h a p e s  an d  l o g a r i t h m i c  d e c r e m e n t s  o f  a t h r e e - s p a n  t w i n  c o n d u c t o r  l i n e  
f o r  e a c h  i c e  s h a p e  t h r o u g h  a  w id e  r a n g e  o f  a n g l e s  o f  i n c i d e n c e  and  
w in d s p e e d s .  The r e s u l t s  i n d i c a t e d  t h a t  i n s t a b i l i t i e s  e x i s t e d  f o r  a l l  t h e  
i c e  s h a p e s  e x a m in e d .  A l l  t h e  u n s t a b l e  modes a p p e a r e d  t o  b e  c o u p l e d :  
v e r t i c a l  m o d e s . c o u p l e d  w i t h  t o r s i o n a l  m odes .  I t  was  t h e  v e r t i c a l  modes 
w h ic h  e x h i b i t e d  maximum a m p l i t u d e  d e f l e c t i o n s ,  b u t  t o r s i o n a l  m o t io n  was  
a l s o  a lw a y s  p r e s e n t  b e c a u s e  o f  t h e  a e r o d y n a m ic  c o u p l i n g .  I n  c o m p a r i s o n ,  i t  
was t h e  tw o  and  t h r e e - l o o p ,  v e r t i c a l / t o r s i o n a l  modes which, a p p e a r e d  t o  b e  
m ore u n s t a b l e  t h a n  t h e  o n e - l o o p  m odes .
One o f  t h e  s i m p l e s t  c o n t r o l  t e c h n i q u e s ,  t h e  u s e  o f  p endu lum  
d e t u n e r s  t o  c o n t r o l  c o n d u c t o r  g a l l o p i n g  w as  e x a m in e d .  The p en d u lu m s  w e r e  
i n c l u d e d  i n t o  t h e  f i n i t e  e l e m e n t  mesh u s i n g  t h e  t e c h n i q u e  o f  lum ped  
p a r a m e t e r s .  F o u r  o r  f i v e  p en d u lu m s  p e r  s p a n  w e r e  u s e d  d e p e n d in g  on  t h e  
s p e c i f i c  s p a n - l e n g t h  t o  b e  t r e a t e d .  R e s u l t s  show ed  t h a t  t h e  p en d u lu m s  h a d  
a s t a b i l i z i n g  e f f e c t  i n  c o n t r o l l i n g  t h e  t o r s i o n a l / v e r t i c a l  f r e q u e n c y  r a t i o  
o f  t h e  b u n d l e  an d  t h u s  d e f e r r i n g  t h e  i n s t a b i l i t y  t o  h i g h e r  i c e  and  w in d  
l o a d s .
The v i b r a t i o n  c h a r a c t e r i s t i c s  o f  a  t h r e e - s p a n  s e c t i o n  o f  a  q u ad  
b u n d l e  c o n d u c t o r  was i n v e s t i g a t e d  u s i n g  t h e  f i n i t e  e l e m e n t  m ethod  an d  th e  
c u r v e d  c a t e n a r y  e l e m e n t .  The  n a t u r a l  m oda l  f r e q u e n c i e s  o f  t h e  f i r s t  t h r e e
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v e r t i c a l / t o r s i o n a l  modes w e r e  p r e s e n t e d .  The  f r e q u e n c i e s  f o u n d  t o  f o l l o w  a 
d i f f e r e n t  t r e n d  co m p a red  w i t h  t h e  f r e q u e n c i e s  o f  t h e  t w i n  b u n d l e :  t h e
t o r s i o n a l  f r e q u e n c i e s  o f  t h e  q u a d  b u n d l e  w e re  f o u n d  t o  b e  l o w e r  th a n  th e  
c o r r e s p o n d i n g  v e r t i c a l  f r e q u e n c i e s .  I n  an  a t t e m p t  t o  c o n t r o l  g a l l o p i n g ,  
pen du lum  d e t u n e r s  w e r e  i n s t a l l e d  a t  s p e c i f i c  p o s i t i o n s  a l o n g  t h e  l i n e .  The  
pen d u lum s  h ad  a  s i m i l a r  e f f e c t  on  q u a d  l i n e s  a s  on  t w i n  l i n e s :  t o  s h i f t
t h e  t o r s i o n a l  f r e q u e n c i e s  t o  h i g h e r  v a l u e s .  H o w e v e r ,  a s  t h e  t o r s i o n a l  
f r e q u e n c i e s  o f  a  q u a d  b u n d l e  c o n d u c t o r  w i t h o u t  p en d u lu m s  w e r e  f o u n d  t o  be  
l o w e r  th a n  th e  c o r r e s p o n d i n g  v e r t i c a l  f r e q u e n c i e s , t h e  p en d u lu m s  s h i f t e d  
t h e  t o r s i o n a l  f r e q u e n c i e s  c l o s e r  t o  t h e  c o r r e s p o n d i n g  v e r t i c a l  f r e q u e n c i e s  
th u s  h a v i n g  an  a d v e r s e  e f f e c t  on  t h e  s t a b i l i t y  o f  t h e  b u n d l e .
3 . 3  COLLECTION OF ICE  SHAPES
3 . 3 . 1  D e s i g n  o f  t h e  I c e  A c c r e t i o n  Fram e
D i s c u s s i o n s  w i t h  m e t e o r o l o g i s t s  i n d i c a t e d  t h a t  t h e  g e n e r a t i o n  o f  
w et  snow  i n  some fo rm  o f  e n v i r o n m e n t a l  ch am ber  o r  lo w  t e m p e r a t u r e  w in d  
t u n n e l  i s  e x t r e m e l y  d i f f i c u l t  b e c a u s e  o f  t h e  v e r y  s l o w  g r o w t h  r a t e  o f  i c e  
c r y s t a l s .  W ind  t u n n e l  t e c h n i q u e s  e m p lo y e d  i n  J a p a n  a n d  F r a n c e  (N a gan u m a ,  
S a i t o ,  S u z u k i  an d  K o j im a ,  1982 ; P e r s o n n e  a n d  G a y e t ,  19 85 )  r e l y  on  t h e  r e a d y  
a v a i l a b i l i t y  o f  f r e s h l y  f a l l e n ,  n a t u r a l  snow  d u r i n g  t h e  w i n t e r  m onths a t  
c e r t a i n  e l e v a t e d  s i t e s  w h e r e  t e s t  f a c i l i t i e s  e x i s t .  F r e s h  snow  i s
c o l l e c t e d  and  i n t r o d u c e d  i n t o  th e  t u n n e l  a i r s t r e a m .  No s u c h  f a c i l i t i e s
e x i s t  i n  t h e  UK.
R a t h e r  t h a n  i n v e s t  i n  s u c h  a f a c i l i t y  i t  w as  d e c i d e d  t o  a t t e m p t  
t o  c o l l e c t  n a t u r a l  i c e  a c c r e t i o n s  on  f r a m e s  d e p l o y e d  i n  a r e a s  w h e r e  
g a l l o p i n g  u n d e r  w e t  snow  c o n d i t i o n s  o c c u r s .  An e x a m p le  o f  t h e  f r a m e  i s  
shown i n  F i g u r e  16 . I t  c o n s i s t s  o f  a  r e c t a n g u l a r ,  a lu m in iu m  a l l o y  
s t r u c t u r e  w h ic h  c a r r i e s  f o u r ,  1 m l o n g  c o n d u c t o r  s a m p le s ,  2 8 .6  mm i n  
d i a m e t e r .  E ach  s a m p le  c o m p r i s e s  a  r i g i d  t u b e  a r o u n d  w h ic h  t h e  o u t e r  l a y e r  
s t r a n d s  f r o m  a  s t a n d a r d  CEGB c o n d u c t o r  h a v e  b e e n  t i g h t l y  w r a p p e d .  The  
f r a m e  i s  a t t a c h e d  t o  a  v e r t i c a l  s h a f t  w h ic h  i s  f r e e  t o  r o t a t e  i n s i d e  t h e  
v e r t i c a l  s u p p o r t  t u b e  f i x e d  t o  t h e  b a s e .  The w in d  v a n e  a t  t h e  t o p  o f  th e  
f r a m e  th u s  c a u s e s  i t  t o  o r i e n t a t e  i n t o  t h e  w in d .
The en d  s u p p o r t s  o f  t h e  f o u r  c o n d u c t o r  s a m p le s  a r e  m ounted  i n
PTFE b e a r i n g s  and  a r e  r e s t r a i n e d  i n  r o t a t i o n  b y  a t o r s i o n a l  s p r i n g  s y s t e m ,  
a s  shown i n  F i g u r e  17 . The r e a s o n  f o r  t h i s  i s  a s  f o l l o w s :  u n d e r  i c i n g
c o n d i t i o n s ,  t h e  a c c r e t i o n  n o r m a l l y  fo rm s  on  t h e  w in d w a r d  s i d e  o f  a
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c o n d u c t o r .  H o w e v e r ,  t h e  e c c e n t r i c  w e i g h t  o f  t h e  i c e  a c c r e t i o n  w i l l  c a u s e  
t h e  c o n d u c t o r  t o  t w i s t  d u r i n g  t h e  a c c r e t i o n  p r o c e s s  t o  an  e x t e n t  d e p e n d e n t  
on  t h e  l o c a l  t o r s i o n a l  s t i f f n e s s  o f  t h e  c o n d u c t o r .  Thus  th e  f i n a l  i c e
s h a p e  i s  d e p e n d e n t  on  t h i s  l o c a l  s t i f f n e s s . T h i s  p r o c e s s  i s  shown
d i a g r a m m a t i c a l l y  i n  F i g u r e  18 .
The t o r s i o n a l  s t i f f n e s s  o f  a c o n d u c t o r  d e p e n d s  upon  i t s  s i z e  and  
c o n s t r u c t i o n  b u t  i s  a l s o  i n v e r s e l y  p r o p o r t i o n a l  t o  th e  d i s t a n c e  b e t w e e n  
p o i n t s  o f  t o r s i o n a l  c o n s t r a i n t .  F o r  a  s p a n  o f  s i n g l e  c o n d u c t o r  t h i s  
d i s t a n c e  c o r r e s p o n d s  t o  t h e  s p a n  l e n g t h  an d  i t s  t o r s i o n a l  s t i f f n e s s  o v e r
th e  c e n t r a l  p a r t  w i l l  u s u a l l y  b e  l o w  s o  t h a t  l a r g e  a n g l e s  o f  t w i s t  a r e
p o s s i b l e .  T h i s  l e a d s  t o  b l u f f  i c e  s h a p e s  w i t h  some d e g r e e  o f  r a d i a l  
sym m etry .  F o r  b u n d l e d  c o n d u c t o r s  c o n n e c t e d  b y  s p a c e r s  e v e r y  60 m, a s  
e m p lo y e d  b y  th e  CEGB, th e  t o r s i o n a l  s t i f f n e s s  i s  h i g h :  l i t t l e  r o t a t i o n
o c c u r s  an d  th e  i c e  s h a p e s  c a n  d e v e l o p  a  p r o n o u n c e d  a e r o f o i l  s h a p e ,  a s  shown  
i n  F i g u r e  19 . T e c h n iq u e s  f o r  c o n t r o l l i n g  g a l l o p i n g  b y  r e m o v in g  th e  
t o r s i o n a l  c o n s t r a i n t s  im p o s e d  b y  s p a c e r s  h a v e  shown c o n s i d e r a b l e  s u c c e s s  i n  
w e t  snow  c o n d i t i o n s  (D i e n n e  e t  a l . ,  19 8 5 )  an d  i t  i s  t h o u g h t  t h a t  t h e  c h a n g e  
o f  i c e  s h a p e  t h a t  t h i s  b r i n g s  a b o u t  i s  a  v e r y  s i g n i f i c a n t  a s p e c t  o f  t h e  
t e c h n i q u e .  A c t u a l  d a t a  on  t h e  r e l a t i o n s h i p  b e t w e e n  t o r s i o n a l  s t i f f n e s s ,  
i c e  s h a p e  an d  i t s  a e r o d y n a m ic  c h a r a c t e r i s t i c s  a r e ,  h o w e v e r ,  s p a r s e .  I n  
o r d e r  t o  i n v e s t i g a t e  t h i s  a s p e c t  o f  t h e  p r o b l e m ,  e a c h  o f  t h e  f o u r  c o n d u c t o r  
s a m p le s  on  t h e  i c e  a c c r e t i o n  f r a m e  h a s  a  d i f f e r e n t  t o r s i o n a l  s t i f f n e s s ,  
d e s i g n e d  t o  m atch  t h e  l o c a l  s t i f f n e s s  a t  t h e  c e n t r e  o f  a  36 0 ,  24 5 ,  160 an d  
60 m s p a n  -  t h e  l a t t e r  c o r r e s p o n d i n g  t o  t h e  d i s t a n c e  b e t w e e n  s p a c e r s  on  a  
b u n d l e d  l i n e .  T h e s e  l e n g t h s  may b e  t h o u g h t  o f  a s  " e q u i v a l e n t "  l e n g t h s  f o r  
t h e  f o u r  c o n d u c t o r  s a m p le s .  The e q u i v a l e n t  t o r s i o n a l  s p r i n g  s t i f f n e s s e s  
w h ic h  c o r r e s p o n d  t o  t h e  a b o v e  c o n d u c t o r  l e n g t h s  c a n  b e  c a l c u l a t e d  a s  
f o l l o w s :
C o n s i d e r  a  c o n d u c t o r  e l e m e n t  o f  l e n g t h  d x ,  w i t h  i c e  a c c r e t i o n  
a l o n g  i t s  l e n g t h .  A s su m in g  t h a t  t h e  i c e  f o r m a t i o n  c a n n o t  w i t h s t a n d  s h e a r ,  
t h e  e c c e n t r i c  i c e  w e i g h t  w i l l  p r o d u c e  a  moment x p e r  u n i t  l e n g t h  a b o u t  th e  
c e n t r e  o f  r o t a t i o n  o f  t h e  c o n d u c t o r ,  F i g .  20 .  The s t a t i c  moment 
e q u i l i b r i u m  e q u a t i o n  y i e l d s
-  M +  M +  —  dx  =  — x d x ( a )
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From t h e  t o r s i o n  e q u a t i o n  ( a )
M =  O . J .  ff . . . ( b )
w h e re
G i s  t h e  s h e a r  m odu lu s  o f  t h e  c o n d u c t o r  m a t e r i a l
J  i s  t h e  p o l a r  moment o f  a r e a  o f  t h e  c o n d u c t o r
0 i s  t h e  a n g u l a r  d e f l e c t i o n  o f  t h e  c o n d u c t o r  c a u s e d  b y  M.
3M
D i f f e r e n t i a t i n g  e q u a t i o n  ( b )  and  s u b s t i t u t i n g  f o r  —  we o b t a i ndX
Y i  -
,  2 - GJ • • • ( c )
3x
I n t e g r a t i n g  e q u a t i o n  ( c )  t w i c e  w i t h  r e s p e c t  t o  x  a n d  a s s u m in g  a  u n i f o r m  i c e  
a c c r e t i o n  a l o n g  th e  e n t i r e  c o n d u c t o r  l e n g t h  a n  e x p r e s s i o n  f o r  0 i s  
d e r i v e d :
9 = ~<b • r  + Ax + B ••• <d>
w h e re  A an d  B a r e  c o n s t a n t s  o f  i n t e g r a t i o n .
A s su m in g  t h a t  t h e  c o n d u c t o r  i s  r i g i d l y  f i x e d  a t  i t s  en d s  t h e
b o u n d a r y  c o n d i t i o n s  a r e :  x  =  0 ,  0 = 0  an d  x  =  L ,  '0 =  0 .  U s i n g  th e
x L
b o u n d a r y  c o n d i t i o n s ,  A an d  B c a n  b e  c a l c u l a t e d :  A =  —; B =  0 .
bJ  L
S u b s t i t u t i n g  A an d  B i n  t h e  a n g u l a r  d e f l e c t i o n  o f  t h e  c o n d u c t o r  
a s  a  f u n c t i o n  o f  x  i s  g i v e n  b y
9 = _ 2(bx(x“L) •
The maximum d e f l e c t i o n  o c c u r s  a t  m id s p a n  an d  i s  e q u a l  t o
e = ±  .
max 8 GJ
where
M = the conductor 1s reactive torque.
i f  the whole of the conductor was iced uniformly.
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The s h a p e  o f  t h e  i c e  a c c r e t i o n  on  a c o n d u c t o r  s p a n  d e p e n d s  on  t h e  
c o n d u c t o r ’ s t o r s i o n a l  s t i f f n e s s .  F i g .  17 shows t h e  s p r i n g  a r r a n g e m e n t  
w h ic h  i s  u s e d  i n  t h e  i c i n g  f r a m e  t o  m ode l  t h e  t o r s i o n a l  s t i f f n e s s  a t  t h e  
c e n t r e  o f  a  f u l l  c o n d u c t o r  s p a n  o r  a  s u b s p a n .  F i g .  21 sh ow s  a  s c h e m a t ic  
r e p r e s e n t a t i o n  o f  t h i s  s p r i n g - p u l l e y  m ech an ism . I f  b o t h  t h e  t o p  and  b o t t o m  
s p r i n g s  a r e  p r e t e n s i o n e d  b y  y  an d  t h e n  f u r t h e r  d e f l e c t e d  b y  d y ,  f o r  l i n e a r  
s p r i n g s
-  k  ( y ~ d y )  + k  ( y + d y )  =  F
w h e re
F =  th e  f o r c e  e x e r t e d  b y  t h e  s p r i n g  
k =  t h e  l i n e a r  s p r i n g  s t i f f n e s s .
T h e r e f o r e
F =  k^ dy  
w h e re  k ^ ’ =  2 k
The e c c e n t r i c  i c e  w e i g h t  p r o d u c e s  a  t o r q u e  ' t / u n i t  l e n g t h  
L
/  x d x  = K£r d y  
o
o r  t L  =  K ^ rd y
w h e re  r  i s  t h e  r a d i u s  o f  t h e  p u l l e y  an d  L  i s  t h e  l e n g t h  o f  t h e  i c e d  
c o n d u c t o r .  The t o r q u e  x / u n i t  l e n g t h  w i l l  p r o d u c e  an  a n g u l a r  d e f l e c t i o n  0.
T h e r e f o r e ,
L
f  x d x  = K.. 0J t
o
o r  xL  =  k. 0
t
o r
w h e r e
k  ^ = the torsional spring s tiffn ess .
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kSL ~ 2 ‘
r
Now c o n s i d e r  a  l e n g t h  o f  c o n d u c t o r  £ s s u p p o r t e d  a t  e a c h  e n d  b y  t h e  s p r i n g  
a r r a n g e m e n t  shown i n  F i g .  2 1 .  ( N o t e  t h a t  F i g .  21 o n l y  show s  t h e  l . h . s .  en d  
o f  th e  s p r i n g  a r r a n g e m e n t ) .  When an  e x t e r n a l  t o r q u e ,  t ,  p e r  u n i t  l e n g t h ,  
i s  a p p l i e d  a t  t h e  m id d le  o f  t h e  c o n d u c t o r  l e n g t h ,  t h e  a n g u l a r  d e f l e c t i o n  0 , 
o f  t h e  c o n d u c t o r  i s  g i v e n  b y
s
Equating the two expressions
2V 2
E q u a t in g  t h e  tw o  e x p r e s s i o n s  f o r  0 an d  s u b s t i t u t i n g  b y  2k
. 2GJ * s
k  =  —  72
r  L
The l i n e a r  s p a c i n g  s t i f f n e s s  t h a t  p r o v i d e  t h e  t o r s i o n a l  
p r o p e r t i e s  o f  i c e d  c o n d u c t o r  sp' an s  c a n  b e  c a l c u l a t e d  f r o m  t h e  l a s t  
e x p r e s s i o n  f o r  k .  The s p r i n g s  w e r e  c h o s e n  t o  m ode l  a  s t a n d a r d  c o n d u c t o r  
s p a n ,  a s t a n d a r d  s u b s p a n  an d  tw o  s h o r t e r  c o n d u c t o r  l e n g t h s .  The v a l u e s  o f
t h e  s p a n  l e n g t h s  an d  t h e  c o r r e s p o n d i n g  s p r i n g  s t i f f n e s s e s  a r e  shown i n  th e
t a b l e  b e l o w .
C o n d u c to r  Span  L e n g t h  
(m )
S p r i n g  S t i f f n e s s  
(kg/mm)
P u l l e y  R a d iu s  
(mm)
360 0 .0 0 6 3 .9 5
245 0 .0 0 5 6 .3 5
160 0 . 0 1 0 6 .3 5
60 0 .0 8 6 .3 5
3 . 3 . 2  M o u ld in g  T e c h n iq u e
F o r  a e r o d y n a m ic  i n v e s t i g a t i o n s  i t  i s  e s s e n t i a l  t h a t  t h e  d e t a i l  o f  
t h e  i c e  s h a p e  i s  c o r r e c t l y  m o d e l l e d .  T h i s  i s  a c h i e v e d  b y  m ak in g  a  m o u ld  
d i r e c t  f r o m  t h e  i c e  a c c r e t i o n .  F o r  p r o d u c i n g  t h e  m ou ld  i t  i s  n e c e s s a r y  t o  
em p lo y  a  c a s t i n g  medium w h ic h  h a s  a  l o w  v i s c o s i t y ,  w i l l  s e t  a t  s u b - z e r o
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t e m p e r a t u r e s  and  d o e s  n o t  g e n e r a t e  h e a t  w h i l e  c u r i n g .  S i l c o s e t  105 f u l f i l s  
t h e s e  r e q u i r e m e n t s  an d  p r o v i d e s  e x c e l l e n t  r e p r o d u c t i o n  o f  s u r f a c e  d e t a i l .
To  a v o i d  e x c e s s i v e l y  l o n g  c u r i n g  t im e s  a t  lo w  t e m p e r a t u r e s  a s p e c i a l ,  r a p i d  
c u r i n g  a g e n t  i s  a v a i l a b l e ,  t o g e t h e r  w i t h  a  c a t a l y s t  w h ic h  i n c r e a s e s  th e  
m ix in g  e f f i c i e n c y  o f  t h e  s m a l l  q u a n t i t i e s  o f  c u r i n g  a g e n t  u s e d .  The f i n a l  
c o m p o s i t i o n  o f  t h e  m ix  i s  20 p a r t s  o f  S i l c o s e t  105 t o  1 p a r t  o f  c a t a l y s t  
F l l l / 5 0 ,  t o  w h ic h  r a p i d  c u r i n g  a g e n t  a t  a  r a t e  o f  0 .2  p e r c e n t  b y  w e i g h t  o f  
r u b b e r  i s  a d d e d .  C u re  t im e  a t  - 1 0 ° C  i s  a p p r o x i m a t e l y  12 h o u r s .
The i c e d  c o n d u c t o r  s a m p le  i s  t r a n s f e r r e d  t o  a  p r e c o o l e d  m o u ld in g  
b o x  w h ic h  h a s  b e e n  s u i t a b l y  s p r a y e d  w i t h  r e l e a s e  a g e n t .  The b o x  i s  t h e n  
f i l l e d  w i t h  p r e c o o l e d  r u b b e r  m ix  an d  t r a n s f e r r e d  t o  a  f r e e z e r .  A f t e r  
c u r i n g  i n  t h e  f r e e z e r ,  t h e  m o u ld  i s  s l i t  a l o n g  i t s  l e n g t h  an d  th e  c o n d u c t o r  
re m o v e d .  The  i n s i d e  o f  t h e  m ou ld  i s  t h e n  d r i e d  and  s p r a y e d  w i t h  r e l e a s e  
a g e n t .  An a lu m in iu m  t u b e  a r o u n d  w h ic h  t h e  r e p l i c a  o f  t h e  i c e d  c o n d u c t o r  i s  
t o  b e  c a s t  i s  t h e n  p o s i t i o n e d  i n s i d e  t h e  m o u ld ,  h a v i n g  f i r s t  b r u s h e d  t h e  
t u b e  w i t h  a S i l c o s e t  p r im e r  t o  e n s u r e  g o o d  a d h e s i o n .  The  m ou ld  i s  t h e n  
s e a l e d  a t  b o t h  en d s  w i t h  a  room t e m p e r a t u r e  v u l c a n i z i n g  (R T V )  r u b b e r ,  
w h ic h  h a s  i n i t i a l  c h a r a c t e r i s t i c s  s i m i l a r  t o  m o d e l l i n g  c l a y ,  an d  t h e  m ou ld  
i s  t h e n  f i l l e d  w i t h  s i l i c o n  r u b b e r .  The r e s u l t  i s  a v e r y  d e t a i l e d  
r e p r o d u c t i o n  o f  t h e  i c e d  c o n d u c t o r  s u r f a c e ,  i n c l u d i n g  a l l  t h e  s t r a n d i n g  o f  
t h e  b a r e  c o n d u c t o r  on  i t s  l e e w a r d  s i d e .
3 . 4  S IT IN G  OF ICE ACCRETION FRAMES
F i v e  s i t e s  h a v e  b e e n  c h o s e n  f o r  f r a m e s ,  b a s e d  o n : -
( a )  M e t e o r o l o g i c a l  O f f i c e  d a t a  s h o w in g  th e  g e o g r a p h i c a l  d i s t r i b u t i o n  
o f  t h e  a n n u a l  mean num ber o f  d a y s  d u r i n g  w h ic h  snow  o r  s l e e t  f e l l  
(19 41  t o  1 9 7 0 ) ,  F i g .  22
( b )  t h e  a v a i l a b i l i t y  o f  p e r s o n n e l  t o  m o n i t o r  t h e  f r a m e  an d  o f  
s u i t a b l e  a c c o m m o d a t io n  f o r  a  s t o r a g e  f r e e z e r  an d  m o u ld in g  
e q u ip m e n t
f o u r  f r a m e s  h a v e  b e e n  i n s t a l l e d  a t  CEGB s i t e s  i n  N o r t h  W a l e s ,  n o r t h  w e s t  
a n d  n o r t h  e a s t  E n g l a n d ,  w i t h  a  f u r t h e r  f r a m e  s i t e d  a t  H u l l  U n i v e r s i t y  
( F i g .  2 2 ) .  T h i s  l a s t  s i t e  w as  c h o s e n  p a r t l y  b e c a u s e  o f  i t s  g e o g r a p h i c a l  
l o c a t i o n  a n d  p a r t l y  b e c a u s e  o f  t h e  U n i v e r s i t y ' s  i n v o l v e m e n t  i n  i c e  
a c c r e t i o n  r e s e a r c h :  members o f  t h e  A p p l i e d  M a th e m a t ic s  D e p a r tm e n t  a r e
u n d e r t a k i n g  t h e o r e t i c a l  s t u d i e s  t o  c a l c u l a t e  t h e  i c e  a c c r e t i o n  s h a p e s  on  
c o n d u c t o r s  ( B a k e r ,  P o o t s  an d  R o g e r s ,  1986 , L a r c o m b e ,  P o o t s ,  S h i l l o r  an d
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S k e l t o n ,  1988 )  an d  t h e i r  r e s u l t s  w i l l  b e  co m p a red  w i t h  t h o s e  s h a p e s  
o b t a i n e d  f r o m  t h e  f r a m e s .
On t h e  o c c u r r e n c e  o f  i c i n g ,  t h e  s a m p le s  a r e  re m ov e d  f r o m  t h e  
f r a m e  b y  t h e  l o c a l  s t a f f ,  p l a c e d  i n t o  a i r t i g h t ,  p r e c o o l e d  m o u ld in g  b o x e s  
an d  s t o r e d  i n  a  f r e e z e r .  The r e s e a r c h  s t a f f  a r e  t h e n  n o t i f i e d  and  m ou ld s  
o f  t h e  i c e  made a t  t h e  e a r l i e s t  o p p o r t u n i t y .  From t h e  vo lu m e  o f  w a t e r  
r e c o v e r e d  f ro m  t h e  m o u ld ,  a n  e s t i m a t e  o f  t h e  d e n s i t y  o f  e a c h  a c c r e t i o n  c a n  
b e  m a d e .
3 .5  ICE SHAPES
3 . 5 . 1  I c e  S h a p e s  C o l l e c t e d  D u r i n g  W in t e r  1985/86
D u r in g  w i n t e r  1985/86 f i v e  i c e  a c c r e t i o n s  w e r e  c o l l e c t e d :  t h r e e
o f  w e t  sn o w ,  one  o f  d r y  snow  an d  on e  o f  f r e e z i n g  r a i n .  One o f  t h e  w e t  snow  
a c c r e t i o n s  h a d  b e g u n  t o  m e l t  b e f o r e  b e i n g  c o l l e c t e d  an d  a l s o  s u s t a i n e d  
dam age d u r i n g  c o l l e c t i o n .  The  w e t  snow  an d  f r e e z i n g  r a i n  a c c r e t i o n s  h a d  
f o rm e d  h o r i z o n t a l l y  on  t h e  w in d w a r d  s i d e  o f  t h e  c o n d u c t o r .  The d r y  snow  
a c c r e t i o n  h a d  fo rm e d  on  t o p  o f  t h e  c o n d u c t o r  u n d e r  v e r y  l o w  w in d  s p e e d s  and  
was n o t  r e l e v a n t  t o  g a l l o p i n g  c o n d i t i o n s .  No w in d  t u n n e l  t e s t i n g  was  
c a r r i e d  o u t  on  e i t h e r  o f  t h e s e  tw o  s h a p e s .
I n f o r m a t i o n  a b o u t  e a c h  a c c r e t i o n  i s  g i v e n  b e l o w .  The s u r f a c e  
d e t a i l  an d  a  t y p i c a l  c r o s s - s e c t i o n  o f  Sh ape  1 a r e  show n  i n  F i g s .  2 3 a ,  b  an d  
c .  S i m i l a r l y  f o r  Shape  2 i n  F i g s .  2 4 a , b  a n d  c ,  f o r  S h ape  3 i n  F i g s .  2 5 a , b  
an d  c  an d  f o r  Sh ape  5 i n  F i g s .  2 6 a , b  an d  c .  I n f o r m a t i o n  on  t h e  s h a p e  and  
th e  c r o s s - s e c t i o n  o f  e a c h  s h a p e  i s  g i v e n  i n  T a b l e  1.
The w e t  snow  a c c r e t i o n s  h a d  a  p o r o u s  s u r f a c e  l e a d i n g  t o  t h e  
p r o d u c t i o n  o f  a  ' s p o n g e - l i k e *  m o u ld .  T h i s  l e d  t o  i n i t i a l  p r o b le m s  i n  
c a s t i n g  a  m ode l  f r o m  t h e  m o u ld .  H o w e v e r ,  b y  t e a r i n g  o u t  t h e  s p o n g e - l i k e  
c e n t r a l  p a r t  o f  t h e  m ou ld  u n t i l  t h e  s u r f a c e  s t r u c t u r e  was  j u s t  r e v e a l e d ,  a  
g o o d  m ode l  c o u l d  b e  r e p r o d u c e d .  I n  c o n t r a s t ,  t h e  f r e e z i n g  r a i n  a c c r e t i o n  
was c a s t  v e r y  r e a d i l y  b e c a u s e  o f  i t s  sm ooth  s u r f a c e .  The a c c r e t i o n  h ad  a  
s e r i e s  o f  f r o z e n  d r i p s  a l o n g  t h e  l o w e r  s u r f a c e  i n d i c a t i n g  t h a t  n o t  a l l  t h e  
r a i n  f r o z e  on  i m p a c t .
I
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Table 1: Ice Accretions Collected in Winter 1985/86
Sh ape  N o .  
( C o l l e c t i o n  
D a t e )
Ty pe
T h i c k n e s s
(mm)
C o l l e c t i o n
W in d s p e e d
( m s " 1)
C o l l e c t i o n
T e m p e ra tu r e
( ° C )
1
( 2 . 1 . 8 6 )
Wet Snow 1 2 -1 3 6 - 0 . 2
2
( 2 8 . 1 , 8 6 )
Wet Snow 1 4 -1 5 15 - 1
3
( 4 . 2 . 8 6 )
F r e e z i n g  R a i n 8 -9 1 2 - 1
4
( 2 8 . 1 1 . 8 5 )
D ry  Snow 2 -3 1 - 2 - 3
5
( 2 8 . 1 . 8 6 )
Wet Snow 2 7 -2 8 1 0 0
The s h a p e  o f  t h e  f r e e z i n g  r a i n  a c c r e t i o n  ( F i g .  2 5 c )  i s  s e e n  t o  b e
a  s m o o t h ■f a i r l y  s y m m e t r ic  c r e s c e n t  ( i g n o r i n g  th e  d r i p s ) ,  a b o u t  8 t o  9 mm
t h i c k ,  e x t e n d i n g  t o  ± 9 0 °  f r o m  t h e  l i n e  o f  sym m etry .  The p r o f i l e  b e a r s  a  
s t r o n g  g e n e r a l  r e s e m b la n c e  t o  t h e  s i m u l a t e d  f r e e z i n g  r a i n  p r o f i l e s  p r o d u c e d  
b y  N i g o l  an d  B uch an  ( 1 9 8 1 ) ,  a l t h o u g h  t h e i r s  w e r e  p r o d u c e d  i n  z e r o  w in d  
c o n d i t i o n s .  T h e i r  a c c r e t i o n s  do  e x t e n d  b e y o n d  t h e  9 0 °  p o s i t i o n s  f o r  some 
s h a p e s ,  l a r g e l y  a s  a  r e s u l t  o f  t h e  r o t a t i o n  o f  t h e  c o n d u c t o r  m ode l  d u r i n g  
t h e  i c i n g  p r o c e s s .  I n  t h e  p r e s e n t  c a s e ,  none  o f  t h e  s h a p e  i n d i c a t e d  t h a t  
c o n d u c t o r  r o t a t i o n  h a d  o c c u r r e d ,  s o  t h a t  t h e  s h a p e s  a r e  r e l e v a n t  t o  h i g h  
t o r s i o n a l  s t i f f n e s s  c o n d u c t o r s  an d  b u n d l e d  l i n e s .
The w e t  snow  s h a p e s  ( F i g s .  23c  a n d  2 4 c )  c o n t r a s t  m a r k e d ly  w i t h  
t h a t  o f  t h e  f r e e z i n g  r a i n ,  b e i n g  m ore t r i a n g u l a r  i n  s e c t i o n  w i t h  a
t h i c k n e s s  o f  a p p r o x i m a t e l y  15 mm. T h e i r  s u r f a c e  i s  r o u g h .
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CHAPTER 4
WIND TUNNEL TESTING
4 .1  BACKGROUND TO TESTING
S in c e  t h e  g a l l o p i n g  o f  b u n d l e d  l i n e s  i s  o f  p r i n c i p a l  i n t e r e s t  t o  
t h e  CEGB, t h e  a n a l y s i s  o f  a  t w i n  b u n d l e  p r o v i d e d  b y  S im pso n  and  L aw son  
( 1 9 6 7 )  s u i t a b l y  e x t e n d e d  t o  i n c l u d e  t h e  e f f e c t s  o f  i c e  e c c e n t r i c i t y ,  i s  
u s e d .  T h i s  h a s  b e e n  f o r m u l a t e d  and  t e s t e d  e x p e r i m e n t a l l y  on  a  
t w o - d i m e n s i o n a l  b a s i s  an d  t h e n  i n c o r p o r a t e d  i n t o  a  f i n i t e  e le m e n t  m ode l  o f  
a f u l l  s p a n .  The a p p r o a c h  i s  b a s e d  on  t r a d i t i o n a l  q u a s i - s t e a d y  a e r o d y n a m ic  
t h e o r y .  I t  t h e r e f o r e  r e q u i r e s  e x p e r i m e n t a l  v a l u e s  f o r  t h e  a e r o d y n a m ic  
l i f t ,  d r a g  an d  moment c o e f f i c i e n t s  (C ^ ,  and  C ^ ) , a s  f u n c t i o n s  o f  a n g l e  
o f  a t t a c k  f o r  b o t h  t h e  u p s t r e a m  and  d o w n st re a m  s u b - c o n d u c t o r s  o f  t h e  b u n d l e  
a n d ,  f o r  t h e  d o w n st re a m  s u b - c o n d u c t o r ,  a s  a  f u n c t i o n  o f  i t s  p o s i t i o n  i n  th e  
wake o f  t h e  u p s t r e a m  one  ( s e e  F i g .  2 7 ) .
4 . 2  STATIC  RIG
A s t a t i c ,  w in d  t u n n e l  r i g  h a s  b e e n  c o n s t r u c t e d  t o  e n a b l e  th e  
n e c e s s a r y  m easu rem en ts  o f  C ^ ,  Cp an d  t o  b e  m ade, u s i n g  t h e  CERL 
1 .5 2  m x 4 .5 7  m, o p e n  r e t u r n  w in d  t u n n e l  -  t h i s  h a s  a  maximum s p e e d  o f  
19 ms- 1 . The r i g  c o m p r i s e s  a  r i g i d  f r a m e  i'n w h ic h  tw o ,  p a r a l l e l ,  1 m l o n g  
m o d e ls  o f  i c e d  c o n d u c t o r s ,  m o u ld e d  a s  p r e v i o u s l y  d e s c r i b e d ,  c a n  b e  m ounted  
v e r t i c a l l y ,  s e p a r a t e d  b y  0 . 3  m i n  t h e  f l o w  d i r e c t i o n  ( s e e  F i g .  2 8 a ) .  The  
m o d e ls  a r e  s h r o u d e d  a t  e a c h  end  b y  p l a t e s  t o  m in im is e  en d  e f f e c t s .  The  
u p s t r e a m  m ode l  i s  a t t a c h e d  d i r e c t l y  t o  t h e  f r a m e w o rk  w h i l e  t h e  o t h e r  i s  
m ounted  on f o r c e  an d  moment b a l a n c e s .  T h i s  l a t t e r ,  i n s t r u m e n t e d  m ode l  c a n  
b e  r o t a t e d  b y  an  e l e c t r i c  m o to r  m ounted  on  t o p  o f  t h e  f r a m e w o rk  an d  i t s  
a n g u l a r  p o s i t i o n  i s  s e n s e d  b y  a n  a b s o l u t e  s h a f t  e n c o d e r ,  a c c u r a t e  t o  0 . 7 ° ,  
w h ic h  p r o v i d e s  b o t h  b i n a r y  o u t p u t  t o  t h e  d a t a  l o g g e r  a n d  a  d i g i t a l  r e a d o u t .  
The p o s i t i o n  o f  t h e  u p s t r e a m  c o n d u c t o r  may b e  a d j u s t e d  l a t e r a l l y ,  t h e r e b y  
c h a n g in g  t h e  r e l a t i v e  wake  p o s i t i o n  o f  t h e  d ow n st re a m  c o n d u c t o r .  I n  o r d e r  
t o  m e asu re  d a t a  f o r  t h e  u p s t r e a m  c o n d u c t o r  i t  i s  t r e a t e d  a s  an  i s o l a t e d ,  
s i n g l e  c o n d u c t o r  and  m ounted  on  t h e  f o r c e  b a l a n c e s .
S in c e  t h e  f o r c e s  t o  b e  m e a s u re d  a r e  s m a l l  ( o f  o r d e r  0 .1  t o  10 N )  
a n d  t h e i r  d e r i v a t i v e s  w i t h  r e s p e c t  t o  a n g l e  o f  a t t a c k  a r e  o f  p r im a r y  
i m p o r t a n c e ,  i t  was  e s s e n t i a l  t o  c o n s t r u c t  h i g h l y  s e n s i t i v e  b a l a n c e s .  The  
u p p e r  b a l a n c e  i s  d e s i g n e d  t o  m e a s u re  tw o ,  o r t h o g o n a l  f o r c e  com pon en ts  an d  
th e  t o t a l  moment. A t  t h e  l o w e r  b a l a n c e ,  o n l y  th e  tw o  o r t h o g o n a l  f o r c e  
com pon en ts  a r e  r e c o r d e d ;  t h e  m ode l  i s  n o t  r e s t r a i n e d  i n  r o t a t i o n  a t  t h i s  
b a l a n c e  s o  t h a t  no  moment i s  t r a n s f e r r e d .  The w e i g h t  o f  t h e  m ode l  i s  n o t
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c a r r i e d  b y  t h e  b a l a n c e s  b u t  b y  a  t h i n  v e r t i c a l  s t e e l  w i r e  i n s i d e  t h e  u p p e r  
m o u n t in g .  To  r o t a t e  th e  m o d e l ,  t h e  e n t i r e  u p p e r  f o r c e  b a l a n c e  a n d  t h e  
m ode l a r e  r o t a t e d  t o g e t h e r  w h i l s t  t h e  l o w e r  b a l a n c e  r e m a in s  f i x e d .  I n  
o r d e r  t o  e n s u r e  r i g i d i t y  d u r i n g  m easu rem en ts  th e  p l a t e  c a r r y i n g  t h e  u p p e r  
b a l a n c e  and  m ode l  i s  c la m p e d  t o  t h e  t o p  p l a t e  o f  t h e  f r a m e w o rk  b y  t h r e e  
s m a l l  p n e u m a t ic  rams ( F i g .  2 8 b ) .  T h e s e  a r e  d e p r e s s u r i z e d  t o  a l l o w  th e  
m odel t o  b e  r o t a t e d .
The u p p e r  b a l a n c e  e m p lo y s  a  c r u c i f o r m  t o  w h ic h  f o u r ,  G o u ld  l o a d  
c e l l s  a r e  c o n n e c t e d  b y  t h i n  s t r i p s  o f  s p r i n g  s t e e l ,  a s  shown i n  F i g u r e  28 .  
The c o n d u c t o r  m ode l i s  r i g i d l y  a t t a c h e d  t o  t h e  c e n t r a l  s p i g o t .  The l o a d  
c e l l s ,  w h ic h  c o n t a i n  a  s t r a i n  g a u g e d  beam , h a v e  a  f u l l  s c a l e  r a n g e  o f  ± 4 . 5  
N , c o r r e s p o n d i n g  t o  a  d e f l e c t i o n  o f  ± 0 . 0 6  mm. F o r c e  com pon en ts  a r e  
o b t a i n e d  f r o m  th e  b a l a n c e  b y  a d d i n g  p a i r s  o f  o u t p u t s  w h i l s t  t h e  moment i s  
o b t a i n e d  f rom  th e  sum o f  t h e  d i f f e r e n c e s  b e t w e e n  t h e  p a i r s . The l o w e r  
b a l a n c e  em p lo y s  o n l y  tw o  l o a d  c e l l s ,  h a v i n g  a  r a n g e  o f  ±11  N . T h ey  a r e  
c o n n e c t e d  o r t h o g o n a l l y  t o  a s m a l l  c i r c u l a r  p l a t e  b y  means o f  s t e e l  s t r i p s ,  
a s  b e f o r e .  A s p i g o t  a t t a c h e d  t o  t h e  b o t t o m  o f  t h e  c o n d u c t o r  m ode l  i s  a  
f r e e  f i t  i n  th e  h o l e  i n  t h e  c e n t r e  o f  t h i s  p l a t e :  t h u s  no  moment i s
r e c o r d e d  b y  t h i s  b a l a n c e .  The b a l a n c e s  w e r e  c a l i b r a t e d  u s i n g  d e a d  w e i g h t s  
an d  fo u n d  t o  h a v e  v e r y  g o o d  l i n e a r i t y ,  a p p r o x i m a t e l y  0 . 2 % o f  f u l l  s c a l e ,  
and  f o r c e  m easu rem en ts  w e re  a c c u r a t e  t o  0 .0 1  N .
The o u t p u t s  f r o m  th e  f o r c e  t r a n s d u c e r s  a r e  s a m p le d  b y  an  O r i o n  
d i g i t a l  l o g g e r  and  a v e r a g e d  o v e r  a 60 s e c o n d  p e r i o d .  The a n g u l a r  p o s i t i o n  
o f  t h e  m ode l  i s  a l s o  r e a d  b y  t h e  l o g g e r  an d  t h e  d a t a  a r e  p a s s e d  o n - l i n e  t o  
an  HP85 c o m p u te r  w h ic h  r e s o l v e s  an d  c o m b in e s  t h e  f o r c e  com pon en ts  a s  
n e c e s s a r y ,  f i n a l l y  c o m p u t in g  th e  v a l u e s  o f  C ^ ,  and  C ^ .  F o r  w in d s p e e d s  
i n  e x c e s s  o f  1 0  m s " 1 , t h e  f o r c e  and  moment c o e f f i c i e n t s  a r e  r e p e a t a b l e  t o  
w i t h i n  0 . 0 1 .
4 . 3  TEST PROCEDURE
The t e s t s  w e r e  c o n d u c t e d  i n  t h e  CERL w in d  t u n n e l  i n  u n i f o r m  f l o w .
The b a s i c  t u n n e l  t u r b u l e n c e  i n t e n s i t y  i s  0 .5 % ; t h e  l o n g i t u d i n a l  i n t e g r a l
l e n g t h  s c a l e  o f  t h e  t u r b u l e n c e  i s  n o t  known b u t  i s  p r o b a b l y  o f  o r d e r  [ 1 0 " 1 ]
t o  [ 1 0 " 2 ] d ,  w h e re  d  i s  t h e  c o n d u c t o r  d i a m e t e r .  Chadha  an d  J a s t e r  ( 1 9 7 5 )
e m p lo y e d  r e c t a n g u l a r  g r i d s  t o  g e n e r a t e  a  t u r b u l e n t  f l o w  f o r  c a r r y i n g  o u t
t h e i r  t e s t s .  The l e n g t h  s c a l e  o f  s u c h  g r i d  t u r b u l e n c e  i s  o f  o r d e r  [ 1 0 ° ]  d
an d  a f f e c t s  t h e  v a l u e s  o f  CT , CL, an d  Cw , a s  shown i n  t h e i r  r e s u l t s .  I n
L  D M
- 4.3 -
c o n t r a s t ,  t h e  l e n g t h  s c a l e  o f  t h e  t u r b u l e n c e  o f  t h e  n a t u r a l  w in d  i s  o f  
o r d e r  [ 1 0 3 ] d ,  w i t h  v e r y  l i t t l e  e n e r g y  a t  l e n g t h  s c a l e  o f  o r d e r  [ 1 0 ° ]  d .
T he  m ain  e f f e c t  o f  n a t u r a l  t u r b u l e n c e ,  a s  f a r  a s  g a l l o p i n g  i s  c o n c e r n e d ,  i s  
th u s  l i k e l y  t o  b e  q u a s i - s t e a d y  s o  t h a t  v a l u e s  o f  C ^ ,  Cp and  m e a s u re d  i n  
a  u n i f o r m  f l o w  w i l l  b e  t h e  m ost r e l e v a n t  t o  t r a n s m i s s i o n  l i n e s .
Two s e r i e s  o f  w in d  t u n n e l  t e s t s  w e re  c o n d u c t e d  f o r  e a c h  o f  t h e  
t h r e e  i c e  s h a p e s  -  a s  an  i s o l a t e d  m ode l  t o  p r o v i d e  d a t a  f o r  t h e  u p s t r e a m  
c o n d u c t o r  a n d  i n  a t w i n  c o n f i g u r a t i o n  t o  p r o v i d e  d a t a  f o r  t h e  d o w n st re a m  
c o n d u c t o r .  F o r  e a c h  t e s t  a  s i l i c o n e  r u b b e r  c o n d u c t o r  m ode l  o f  e a c h  o f  t h e  
i c e  S h ap e s  1 , 2 and  3 was  made a n d  was i n s t a l l e d  i n  th e  r i g ,  m ounted  on  th e  
f o r c e  b a l a n c e .  F o u r  w in d s p e e d s  w e r e  e m p lo y e d :  8 , 1 2 , 14 an d  18 ms- 1 ,
c o r r e s p o n d i n g  t o  R e y n o ld s  num bers  f r o m  1 .7 5  x 10** t o  3 . 9 4  x 1 0 \  The  
v a l u e s  o f  a e r o d y n a m ic  l i f t ,  d r a g  an d  moment w e r e  m e a s u re d  o v e r  a  r a n g e  ± 9 0 °  
o f  a n g l e  o f  i n c i d e n c e ,  a ,  c e n t r e d  a b o u t  t h e  a p p r o x im a t e  l i n e  o f  sym m etry  o f  
t h e  a c c r e t i o n  s h a p e .  I n t e r v a l s  o f  t y p i c a l l y  10 °  w e r e  u s e d  e x c e p t  w e r e  
g r a d i e n t s  w e r e  f o u n d  t o  b e  h i g h ,  when much s m a l l e r  i n c r e m e n t s  -  t y p i c a l l y  
3 °  -  w e r e  e m p lo y e d .
The same s i l i c o n e  r u b b e r  m ou ld  was  u s e d  t o  p r o d u c e  tw o  i d e n t i c a l  
w in d  t u n n e l  m o d e ls  t o  s i m u l a t e  a  b u n d l e  c o n d u c t o r  c o n f i g u r a t i o n .  I n  th e  
t w i n  b u n d l e  t e s t s  t h e  s e c o n d  i c e  m ode l  w as  i n s t a l l e d  0 . 3  m u p s t r e a m  o f  t h e  
f i r s t .  The a n g l e  o f  t i l t  o f  t h e  b u n d l e  c o r r e s p o n d i n g  t o  th e  t e s t  
w in d s p e e d s  was t h e n  c a l c u l a t e d .  Assum e a  c o n d u c t o r  b u n d l e  o f  mass m p e r  
u n i t  l e n g t h  and  d i a m e t e r  C i n  a  w in d s t r e a m  o f  w in d s p e e d  V . .  B a l a n c i n g  th e  
moments a b o u t  t h e  c o n d u c t o r  en d  s u p p o r t  p o i n t s ,  i f  D d e n o t e s  t h e  d r a g  p e r  
u n i t  l e n g t h ,  f r o m  f i g u r e  27
m gs in 0  =  D c © s$
o r  p A g s i n 0  =  i p  V 2C C co s$
G O  ^  U
w h e re  $ i s  t h e  a n g l e  o f  t i l t
pc i s  t h e  c o n d u c t o r  m a t e r i a l  d e n s i t y  
Ac i s  t h e  c o n d u c t o r  c r o s s - s e c t i o n  a r e a  
pa i s  t h e  a i r  d e n s i t y  
V i s  t h e  w in d s p e e d  
Cq  i s  t h e  d r a g  c o e f f i c i e n t
A s su m in g  Cp =  1 . 0 0 ,  pa =  1 .2 2 5  kg/m 3 and  f o r  C =  2 8 .6  x 10 " 3 m 
( s t a n d a r d  CEGB c o n d u c t o r ) ,  Ac  =  0 .4 8 3 8  x 1 0 " 3 mz , s o l v i n g  f o r  0
ta n 0  =  0 .0 0 1  V 2
I t  i s  now p o s s i b l e  t o  c o n s t r u c t  a  t a b l e  s h o w in g  t h e  c o n d u c t o r ’ s 
l a t e r a l  o f f s e t ,  y  ( F i g u r e  2 7 )  i n  t e rm s  o f  c o n d u c t o r  d i a m e t e r s .
T a b l e  4 a :  L a t e r a l  C o n d u c to r  O f f s e t
T e s t  W in d s p e e d ,  V 
m/s
t a n 0 0
d e g
L a t e r a l  O f f s e t ,  y  
m
8 0 .0 6 6 8 3 .8 2 0 .7 C
1 2 0 .1 5 0 2 8 .5 4 1 .6 C
14 0 .2 0 4 5 1 1 .5 6 2 .1 C
18 0 .3 3 8 0 1 8 .6 8 3 .4 C
T a b l e  4a  show s  t h e  b u n d l e s  l a t e r a l  o f f s e t  o f  0 . 7 C ,  1 .6 C ,  2 .1 C  an d  3 .4 C  
c o r r e s p o n d i n g  t o  th e  a n g l e  o f  t i l t  o f  t h e  b u n d l e  w h ic h  i s  c a u s e d  b y  th e  
t e s t  w in d s p e e d s  o f  8 , 12 ,  14 and  18 ms- 1 . T h i s  c h a n g in g  o f f s e t  m ust b e  
rem em bered  when i n t e r p r e t i n g  t h e  r e s u l t s .  The C ^ ,  C^ and  C ^ o f  t h e  
d ow n st re a m  c o n d u c t o r  was  m e a s u re d  o v e r  t h e  r a n g e  ± 9 0 °  i n  t h e  same m anner a s  
f o r  t h e  s i n g l e  c o n d u c t o r  t e s t s .  The a n g l e  o f  a t t a c k  o f  t h e  u p s t r e a m  
( u n i n s t r u m e n t e d )  c o n d u c t o r  was v a r i e d  i n  a  c o r r e s p o n d i n g  m anner t o  t h a t  o f  
th e  d ow n st re a m  ( i n s t r u m e n t e d )  c o n d u c t o r  b u t  s t e p s  o f  1 5 °  w e r e  u s e d .  I t  h a d  
b e e n  e s t a b l i s h e d  f r o m  i n i t i a l  t e s t s  t h a t  t h e  f o r c e s  on  th e  d o w n st re a m  
c o n d u c t o r  w e r e  n o t  s t r o n g l y  d e p e n d e n t  on  t h e  a n g l e  o f  a t t a c k  o f  t h e  
u p s t r e a m  o n e .
4 . 4  PRESENTATION OF RESULTS
The r e s u l t s  a r e  p r e s e n t e d  i n  te rm s  o f  t h e  d i m e n s i o n l e s s  l i f t ,  
d r a g  an d  moment c o e f f i c i e n t s  C ^ ,  C^ an d  C^ r e s p e c t i v e l y .  The a e r o d y n a m ic  
c o e f f i c i e n t s  a r e  d e f i n e d  a s  f o l l o w s :
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w h e re  L  =  A e ro d y n a m ic  l i f t  f o r c e  p e r  u n i t  l e n g t h
D =  A e ro d y n a m ic  d r a g  f o r c e  p e r  u n i t  l e n g t h  
M = A e ro d y n a m ic  moment p e r  u n i t  l e n g t h  
p =  A i r  d e n s i t y  
V =  W in d s p e e d  
G = C o n d u c to r  d i a m e t e r  (m )
R e s u l t s  o f  t h e  s t a t i c  a e r o d y n a m ic  m easu rem en ts  a r e  p r e s e n t e d  i n
F i g s .  30 t o  52 .  The r e s u l t s  f o r  t h e  w e t  snow  Sh ape  1 ( F i g .  2 9 )  a s  an  
i s o l a t e d  u p s t r e a m  c o n d u c t o r  a r e  shown i n  F i g s .  30 ,  31 an d  32 . I n  
c o m p a r i s o n ,  F i g s .  33 ,  34 an d  35 show  t h e  same r e s u l t s  f o r  Sh ape  1 b u t  i n  
t h e  d o w n st re a m  p o s i t i o n .
I t  w i l l  b e  s e e n  t h a t  t h e r e  i s  l i t t l e  d i f f e r e n c e  b e t w e e n  th e  
c o r r e s p o n d i n g  d i s t r i b u t i o n s .  The g r e a t e s t  d i f f e r e n c e s  a r e  shown a t  t h e  
8  ms " 1 w in d s p e e d  s i n c e  th e  d o w n st re a m  s u b - c o n d u c t o r  i s  t h e n  d e e p  i n  th e  
wake ( l a t e r a l  o f f s e t  =  0 .7  C ) . The t r e n d  i s  f o r  t h e  v a l u e s  o f  C ^ ,  and  
t o  b e  r e d u c e d  som ewhat on  t h e  d o w n st re a m  c o n d u c t o r ,  n o t a b l y  th e  v a l u e s  
o f  0 ^ ,  b u t ,  i n  g e n e r a l  an d  p a r t i c u l a r l y  a t  t h e  h i g h e r  w i n d s p e e d s , t h e  
e f f e c t  i s  s m a l l .
F i g s  * 37 ,  38 an d  39 show  th e  u p s t r e a m  c o n d u c t o r  r e s u l t s  f o r  th e  
w e t  snow  Shape  2 ( F i g ,  3 6 ) ,  a n d  F i g s .  4 1 ,  42 and  43 show  c o m p a r a b l e  r e s u l t s  
f o r  S h ape  2 b u t  f o r  t h e  d o w n st re a m  c o n d u c t o r .  S i m i l a r l y  F i g s .  4 6 ,  47 and  
48 show  r e s u l t s  f o r  t h e  u p s t r e a m  c o n d u c t o r  o f  t h e  f r e e z i n g -  r a i n  Shape  3 an d  
F i g s .  4 9 ,  50 and  51 show  r e s u l t s  f o r  t h e  d ow n st re a m  c o n d u c t o r  o f  S h ape  3 
( F i g .  4 5 ) .
So f a r  t h e  d i s t r i b u t i o n s  o f  C _ ,  CT and  C w i t h  a n g l e  o f  a t t a c kJL) ij M
h a v e  b e e n  p r e s e n t e d .  H o w ev e r  t h e  t e rm s  w h ic h  d e t e r m in e  th e  a e ro d y n a m ic  
s t a b i l i t y  o f  e a c h  o f  t h e  i c e  s h a p e s  a r e :
( 1 )  t h e  v e r t i c a l  d e g r e e  o f  f r e e d o m  a e ro d y n a m ic  d am p in g  te rm
The v a l u e s  o f  t h e s e  t h r e e  te rm s  a r e  p l o t t e d  a s  f u n c t i o n s  o f  a n g l e  o f  a t t a c k  
f o r  S h a p e s  1 , 2 an d  3 i n  F i g s .  36 ,  44 an d  52 r e s p e c t i v e l y .  The d o w n st re a m  
r e s u l t s  a r e  p r e s e n t e d ,  a s  t h e s e  p r o v i d e d  th e  minimum ( l e a s t  s t a b l e )  v a l u e s  
o f  t h e  Den  H a r t o g  t e rm .
(D e n  H a r t o g  t e r m ) ,  7^ — +  C ^ ,
(2)
M
t h e  g r a d i e n t  o f  t h e  moment c o e f f i c i e n t
t h e  g r a d i e n t  o f  t h e  l i f t  c o e f f i c i e n t  and
( 3 )
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The d a t a  p r e s e n t e d  a r e  co m p u te r  p l o t t e d  w i t h  s t r a i g h t  l i n e  
i n t e r p o l a t i o n s  b e t w e e n  d a t a  p o i n t s .  The c o n s i s t e n c y  o f  t h e  a e r o d y n a m ic  
c o e f f i c i e n t  d a t a  i s  v e r y  g o o d  and  g i v e s  c o n f i d e n c e  t h a t  a c c u r a t e  v a l u e s  o f  
th e  d e r i v a t i v e s  w h ic h  a r e  r e q u i r e d  b y  t h e  s t a b i l i t y  a n a l y s i s  c a n  b e  
o b t a i n e d  f r o m  them.
4 .5  D ISCU SS IO N  OF THE RESULTS
4 . 5 . 1  Sh ape  1: U p s t r e a m  C o n d u c to r  T e s t s
I n  F i g .  30 th e  Cq v a l u e  o f  t h e  u p s t r e a m  c o n d u c t o r ,  f o r  a  f r o m  
- 2 0 °  t o  2 0 °  and  a t  t h e  h i g h e r  w in d s p e e d s  i s  i n d e p e n d e n t  on  w in d s p e e d  -  and  
t h e r e f o r e ,  R e y n o ld s  num ber .  I t s  lo w  v a l u e  o f  0 .8 2  a n d  R e y n o ld s  num ber  
in d e p e n d e n c e  s u g g e s t s  t h a t  th e  b o u n d a r y  l a y e r s  h a v e  becom e f u l l y  t u r b u l e n t  
a t  t h i s  i n c i d e n c e  an d  a  t r a n s c r i t i c a l  t y p e  o f  f l o w  h a s  b e e n  e s t a b l i s h e d .
A t  o t h e r  v a l u e s  o f  a ,  f o r  e x a m p le  i n  t h e  r a n g e  ± 3 0 °  t o  9 0 ° ,  
e f f e c t s  o f  R e y n o ld s  num ber a r e  a p p a r e n t  and  a r e  c o n s i s t e n t  w i t h  t r a n s i t i o n  
o f  t h e  f l o w  on  th e  b a r e  p a r t  o f  t h e  c o n d u c t o r ,  l e a d i n g  t o  a  r e d u c e d  v a l u e  
o f  C-q a s  t h e  R e y n o ld s  num ber i n c r e a s e s .  T r a n s i t i o n  f o r  t h i s  c o n d u c t o r  
when c o m p l e t e l y  b a r e  (C o u n ih a n ,  1963 ) o c c u r s  i n  t h e  R e y n o ld s  num ber r a n g e  
2 .6 9  x i o *  t o  4 .4 7  x 1 0 * .
I n  F i g .  31 t h e  d i s t r i b u t i o n  o f  C^ show s  s t r o n g  n e g a t i v e  
g r a d i e n t s  f o r  v a l u e s  o f  a  i n  t h e  r a n g e  + 3 0 °  t o  + 9 0 °  and  - 1 0 °  t o  - 9 0 ° .  
C l a s s i c a l  g a l l o p i n g  t h e o r y  o f  t h e  p u r e l y  v e r t i c a l  Den  H a r t o g  t y p e  (D e n
3CL
H a r t o g ,  19 32 )  r e q u i r e s  a  n e g a t i v e  v a l u e  o f  - —  s u c h  t h a tdec
3C
T T  + CD £ 0
i g n o r i n g  t h e  s m a l l  amount o f  m e c h a n ic a l  d am p in g  p r o v i d e d  b y  a  c o n d u c t o r  
s p a n .  F i g .  36 e x h i b i t s  v a l u e s  o f  a  w h e re  t h i s  c o n d i t i o n  i s  m et .  F o r
9CL
e x a m p le ,  a t  a  =  4 0 °  an d  a t  w in d s p e e d  o f  18 ms- 1 , +  Cp  =  - 0 . 2 2 .
S im pson  an d  L a w s o n 's  ( 1 9 6 7 )  a n a l y s i s  o f  a  t w i n  b u n d l e  show s  t h a t  
3CL
l a r g e  p o s i t i v e  v a l u e s  o f  -r—  c a n  l e a d  t o  v e r t i c a l / t o r s i o n a l  g a l l o p i n g :3a 3C^
F i g s .  31 and  36 show  l a r g e  p o s i t i v e  -r—  v a l u e s  o v e r  t h e  r a n g e  o f  a  f r o mdoc
-20° to 20°.
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The d i s t r i b u t i o n s  o f  Cp an d  ( F i g s .  31 an d  3 2 )  f o l l o w  th e  
same t r e n d .  The p o s i t i v e  v a l u e s  o f  3C^/3a  ( F i g .  36 )  o v e r  t h e  i n c i d e n c e  
r a n g e  - 2 0 °  t o  + 2 7 °  a c t  a s  a  n e g a t i v e  a e r o d y n a m ic  t o r s i o n a l  s t i f f n e s s  an d  
w i l l  t e n d  t o  r e d u c e  t h e  t o r s i o n a l  f r e q u e n c y  o f  t h e  c o n d u c t o r :  t h i s  c a n  b e
an  im p o r t a n t  c o n t r i b u t o r y  f e a t u r e  t o  i n s t a b i l i t y  a s  i t  c a u s e s  t h e  t o r s i o n a l  
f r e q u e n c y  t o  a p p r o a c h  th e  v e r t i c a l  f r e q u e n c y ,  e n h a n c in g  th e  c o u p l i n g  
b e t w e e n  t h e s e  d e g r e e s  o f  f r e e d o m .
4 . 5 . 2  Sh ape  1 : D o w n stream  C o n d u c to r  T e s t s
The c a l c u l a t i o n  o f  t h e  a e r o d y n a m ic  c o e f f i c i e n t s  o f  t h e  d ow n st re a m  
c o n d u c t o r  i s  b a s e d  on  t h e  f r e e - s t r e a m  v e l o c i t y .  The f l o w  i n  th e  wake o f  
t h e  u p s t r e a m  s u b - c o n d u c t o r  w i l l  p o s s e s s  a  g r e a t e r  d e g r e e  o f  t u r b u l e n c e  th a n  
th e  f r e e - s t r e a m  (C o u n ih a n ,  1 9 6 3 ) :  i n c r e a s e d  t u r b u l e n c e  r e s u l t s  i n  a
r e d u c t i o n  o f  t h e  c r i t i c a l  R e y n o ld s  num ber o f  a c y l i n d e r ,  i n  g e n e r a l .  T h e r e  
i s  a l s o  a  v a r i a t i o n  i n  v e l o c i t y  a c r o s s  t h e  w ak e ,  t h e  minimum v e l o c i t y  
o c c u r r i n g  on t h e  wake c e n t r e  l i n e .  When t h e  d ow n st re a m  c o n d u c t o r  i s  
d i s p l a c e d  f r o m  t h e  c e n t r e  l i n e  o f  t h e  w ake i t  w i l l  b e  s u b j e c t e d  t o  
d i f f e r e n t  e f f e c t i v e  v e l o c i t i e s  an d  h e n c e  d i f f e r e n t  p r e s s u r e  d i s t r i b u t i o n s .  
I f  t h e  u p s t r e a m  c o n d u c t o r  r e a c h e s  an d  e x c e e d s  i t s  c r i t i c a l  R e y n o ld s  num ber  
t h e n  th e  wake w i d t h  and  th e  s t r u c t u r e  o f  t h e  f l o w  c h a n g e s .  The e f f e c t i v e  
R e y n o ld s  num ber o f  t h e  a f t  c o n d u c t o r  t h e r e f o r e  d ep e n d s  on  t h e  f r e e - s t r e a m  
v e l o c i t y ,  i t s  p o s i t i o n  i n  th e  wake o f  t h e  f o r w a r d  c o n d u c t o r  and  th e  
c r i t i c a l  R e y n o ld s  num ber o f  t h e  f o r w a r d  c o n d u c t o r .
F i g .  33 show s  Cp o f  t h e  d o w n st re a m  c o n d u c t o r  t o  i n c r e a s e ,  i n  
g e n e r a l ,  w i t h  w in d s p e e d  r e v e r s i n g  t h e  t r e n d  o f  t h e  u p s t r e a m  c o n d u c t o r  
( F i g .  3 0 ) .  T h i s  s u g g e s t s  t h a t  t h e  e f f e c t s  o f  i n c r e a s e d  t u r b u l e n c e  i n  th e  
wake h a v e  b e e n  o f f s e t  b y  t h e  e f f e c t s  o f  i n c r e a s e d  w in d  v e l o c i t y  a s  t h e  a f t  
s u b c o n d u c t o r  moves aw ay  f r o m  t h e  c e n t r e  l i n e  o f  t h e  w a k e .  A s  th e  w in d s p e e d  
i n c r e a s e s ,  t h e  w id t h  o f  t h e  wake d e c r e a s e s  an d  th e  l a t e r a l  o f f s e t  o f  t h e  
d o w n st re a m  c o n d u c t o r  i n c r e a s e s .  As s e e n  b y  c o m p a r in g  F i g s .  30 an d  33 f o r  a  
b e t w e e n  - 2 5 °  an d  3 0 °  f o r  w in d s p e e d s  14 an d  18 ms ' 1 t h e  Cp d i s t r i b u t i o n s  
o f  t h e  u p s t r e a m  an d  d o w n st re a m  c o n d u c t o r s  a r e  a lm o s t  i d e n t i c a l  w h ic h  
s u g g e s t s  t h a t  t h e  v e l o c i t y  g r a d i e n t  i n  t h e  wake a t  2 . I d  a n d  3 . 4 d  l a t e r a l  
o f f s e t  -  c o r r e s p o n d i n g  t o  w in d s p e e d s  o f  14 ms- 1  an d  18 m s " 1 -  i s  s m a l l .
T h i s  o b s e r v a t i o n  i s  v e r i f i e d  f r o m  r e s u l t s  p r e s e n t e d  b y  P r i c e  ( 1 9 7 5 ) .
C o m p a r i s o n  o f  t h e  Cp d i s t r i b u t i o n s  f o r  s i n g l e  an d  t w i n  
c o n d u c t o r  c o n f i g u r a t i o n s ,  p r e s e n t e d  i n  F i g s ,  31 an d  34 r e s p e c t i v e l y ,  shows
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t h a t  a t  l o w e r  w in d s p e e d s ,  when t h e  o f f s e t  b e t w e e n  t h e  tw o  s u b c o n d u c t o r s  i s  
s m a l l ,  t h e  r e d u c t i o n  i n  th e  p e a k  l i f t  c o e f f i c i e n t  o f  t h e  a f t  c o n d u c t o r  i s  
c o n s i d e r a b l e .  A t  8  ms - 1  a s  t h e  a n g l e  o f  a t t a c k  o f  t h e  u p s t r e a m  c o n d u c t o r  
i n c r e a s e s ,  Cfe o f  t h e  u p s t r e a m  c o n d u c t o r  i n c r e a s e s  up  t o  a  maximum o f  0 .7 1  
a t  2 6 °  r o t a t i o n ,  c o m p ared  w i t h  t h e  maximum v a l u e  f o r  t h e  d o w n st re a m  
c o n d u c t o r  o f  0 .3 7  a t  3 7 °  r o t a t i o n  -  a  r e d u c t i o n  o f  48% c a u s e d  m a i n ly  b y  
r e d u c e d  w in d s p e e d  i n  t h e  w a k e . The v a l u e  o f  Cfe o f  t h e  d ow n st re a m  
c o n d u c t o r  i n c r e a s e s  w i t h  w in d s p e e d  f o r  a  f r o m  - 5 0 °  t o  - 9 0 °  a s  t h e  c o n d u c t o r  
moves aw ay  f r o m  t h e  c e n t r e  l i n e  o f  t h e  w ak e .  The C l  d i s t r i b u t i o n s  f o r  
th e  u p s t r e a m  an d  d o w n st re a m  c o n d u c t o r s  a r e  a lm o s t  i d e n t i c a l  a t  t h e  h i g h e s t  
w in d s p e e d  o f  18 m s- 1 , s h o w in g  t h a t  t h e  e f f e c t s  o f  t h e  wake on  t h e  Cfo 
v a l u e s  o f  t h e  a f t  c o n d u c t o r  a r e  n e g l i g i b l e  a t  t h i s  w in d s p e e d .
The Cjvj d i s t r i b u t i o n s  o f  t h e  d o w n st re a m  c o n d u c t o r  a r e  shown i n  
F i g .  35 .  A l t h o u g h  th e  Cj^ j d i s t r i b u t i o n s  o f  t h e  u p s t r e a m  a n d  d ow n st rea m  
c o n d u c t o r s  f o l l o w  t h e  same t r e n d s ,  t h e y  show  s i g n i f i c a n t  d i f f e r e n c e s  
e s p e c i a l l y  a t  8  ms- 1 . A t  t h e  h i g h e s t  w in d s p e e d  e x a m in e d ,  18 ms- 1 , t h e  
i n c r e a s e  i n  th e  l a t e r a l  o f f s e t  h a s  d i l u t e d  t h e  wake e f f e c t s  on  th e  a f t  
c o n d u c t o r  and  th e  v a l u e s  o f  t h e  u p s t r e a m  and  d ow n st re a m  c o n d u c t o r s  a r e  
v e r y  s i m i l a r .  T h i s  a g r e e m e n t  b e t w e e n  t h e  tw o  s e t s  o f  m easu rem en t  o f  
a e ro d y n a m ic  moment w h ic h  i s  a  v e r y  s m a l l  q u a n t i t y ,  g i v e s  c o n f i d e n c e  i n  th e  
a c c u r a c y  o f  t h e  m e a s u r in g  s y s t e m .
aCL
F i g .  36 shows th e  v a l u e  o f  t h e  Den  H a r t o g  t e r m ,  -r—  +  CL. t o  b e
3C D
n e g a t i v e  f o r  a r a n g e  o f  a  f r o m  3 5 °  t o  6 0 ° .  I n  c o m p a r i s o n  t h e  - —  te rm  i s
aCM
p o s i t i v e  f o r  a  f r o m  - 2 5 °  t o  3 0 °  an d  p o s i t i v e  f ro m  - 5 0 °  t o  3 5 ° .
4 . 5 . 3  Shape  2 :  U p s t r e a m  C o n d u c to r  T e s t s
I n  F i g .  38 a t  8  ms - 1  t h e  f l o w  s e p a r a t i o n  i s  shown t o  b e  v e r y
s e n s i t i v e  t o  t h e  d e t a i l e d  r o u g h n e s s  o f  t h e  i c e  s h a p e  an d  i t  a p p e a r s  i n  th e
fo rm  o f  s m a l l  f l u c t u a t i o n s  i n  t h e  v a l u e  o f  Cq . T h e s e  R e y n o ld s  num ber  
e f f e c t s  t e n d  t o  d i s a p p e a r  a t  h i g h e r  w in d s p e e d s .  A t r a n s c r i t i c a l  t y p e  o f  
f l o w  h a s  p r e s u m a b ly  b e e n  e s t a b l i s h e d  w i t h  f u l l y  t u r b u l e n t  b o u n d a r y  l a y e r s  
a t  t h i s  i n c i d e n c e  and  a  l o w  Cq  v a l u e  o f  0 . 7 2 .
The d i s t r i b u t i o n s  o f  Cl  ( F i g .  3 9 )  an d  o f  Cjj ( F i g .  4 0 )  show
h i g h l y  p o s i t i v e  an d  v a l u e s  o v e r  t h e  r a n g e  o f  a  ±  2 0 ° .  I n  
c o m p a r i s o n  ( F i g .  4 4 )  t h e  Den H a r t o g  te rm  becom es  n e g a t i v e  o v e r  a  s m a l l  
r a n g e  o f  a ,  f r o m  2 5 °  t o  3 4 ° .
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4 . 5 . 4  Sh ape  2 : D o w nstream  C o n d u c t o r  T e s t s
The d o w n st re a m  c o n d u c t o r  r e s u l t s  e x h i b i t  o n l y  s m a l l  d i f f e r e n c e s  
i n  c o m p a r i s o n  w i t h  t h e  u p s t r e a m  c o n d u c t o r ,  e x c e p t  f o r  t h e  8  ms - 1  t e s t s  when  
th e  d o w n st re a m  c o n d u c t o r  i s  t o t a l l y  im m e rsed  i n  th e  w ak e .  The r a n g e  o f  a  
8CL
f o r  w h ic h  i s  p o s i t i v e  i s  s l i g h t l y  e x t e n d e d  i n  c o m p a r i s o n  w i t h  th e  
u p s t r e a m  c o n d u c t o r  ( - 3 5 °  t o  2 5 ° ) .  S i m i l a r l y ,  t h e  Den H a r t o g  te rm  a p p e a r s  
n e g a t i v e  f o r  a  f r o m  - 3 6 °  t o  - 4 8 °  i n  a d d i t i o n  t o  t h e  r a n g e  o f  a a s  i n  t h e  
c a s e  o f  t h e  u p s t r e a m  c o n d u c t o r .
4 . 5 . 5  Sh ape  3 :  U p s t r e a m  C o n d u c t o r  T e s t s
The d i s t r i b u t i o n s  o f  Cp and  Cp o f  th e  f r e e z i n g  r a i n  Shape  3
( F i g s .  46 and  4 7 )  show  a  c e r t a i n  a sym m etry  w i t h  r e s p e c t  t o  t h e  z e r o  a n g l e
o f  a t t a c k .  Cp r e d u c e s  t o  z e r o  a t  a  ^  - 5 5 °  an d  b e y o n d  t h i s ,  R e y n o ld s  
num ber e f f e c t s  becom e a p p a r e n t  and  a r e  a s s o c i a t e d  w i t h  t h e  d e v e lo p m e n t  o f  a  
t u r b u l e n t  b o u n d a r y  l a y e r  a t  t h e  t o p  o f  t h e  c o n d u c t o r ,  a i d e d  b y  th e  
r o u g h n e s s  o f  th e  c o n d u c t o r  s t r a n d i n g .  The d i s t r i b u t i o n  o f  Cp e x h i b i t s  
c o n s i d e r a b l e  s i m i l a r i t i e s  w i t h  t h e  r e s u l t s  p u b l i s h e d  b y  N i g o l  and  B uch an  
( 1 9 7 9 ) .  I n  b o t h  c a s e s  t h e r e  a r e  n o  h i g h l y  p o s i t i v e  3Cp/3a  v a l u e s .
H o w ev e r  t h e  r e g i o n  o f  a  b e t w e e n  - 8 5 °  t o  + 2 0 °  w h ic h  e x h i b i t s  p o s i t i v e  
3Cp/3a  v a l u e s  s h o u l d  b e  e x a m in e d  m ore c l o s e l y  f o r  i n s t a b i l i t i e s .  The  
c l a s s i c a l  g a l l o p i n g  t h e o r y  o f  t h e  p u r e l y  v e r t i c a l  Den H a r t o g  g a l l o p i n g  i s  
n o t  s a t i s f i e d  a n y w h e re  i n  t h e  r a n g e  o f  a  e x a m in e d  ( F i g .  5 2 ) .
3CM
The p o s i t i v e  v a l u e s  o v e r  t h e  r a n g e  o f  a  f r o m  - 3 5 °  t o  4 5 °  
a l t h o u g h  n o t  v e r y  h i g h  w i l l  t e n d  t o  d e c r e a s e  t h e  c o n d u c t o r ' s  t o r s i o n a l  
f r e q u e n c y  t o w a r d s  i t s  v e r t i c a l  f r e q u e n c y  t h u s  e n h a n c in g  v e r t i c a l / t o r s i o n a l  
c o u p l i n g .
4 . 5 . 6  Shape  3: D o w n stream  C o n d u c t o r  T e s t s
B e c a u s e  o f  t im e  l i m i t a t i o n s  i n  th e  w in d  t u n n e l  t h e  d ow n st rea m
c o n d u c t o r  t e s t s  w e r e  l i m i t e d  t o  tw o  w in d s p e e d s  o f  14 an d  18 m s " 1 . The
c o r r e s p o n d i n g  d i s t r i b u t i o n s  show  s m a l l  d i f f e r e n c e s  b e t w e e n  t h e  u p s t r e a m  and  
t h e  d o w n st re a m  c o n d u c t o r  r e s u l t s .  The Den H a r t o g  s t a b i l i t y  c r i t e r i o n  o f  
aCL
n e g a t i v e  t—  +  CL i s  n o t  s a t i s f i e d  a n y w h e re  i n  t h e  r e g i o n  o f  t h e  a n g l e s  o f
3cl 3Cm
a t t a c k  e x a m in e d .  I n  c o m p a r i s o n ,  t h e  an d  v a l u e s  a r e  shown t o  b e  
p o s i t i v e  o v e r  a  w id e  r a n g e  o f  a  b u t  a r e  o f  lo w  v a l u e  i n  c o m p a r i s o n  w i t h  t h e
c o r r e s p o n d i n g  v a l u e s  f o r  t h e  w e t  snow  S h a p e s  1 an d  2 .
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4 . 6  GENERAL D ISCU SS IO N  ON WIND TUNNEL STATIC  TEST RESULTS
The r e s u l t s  show  a  s m a l l  e f f e c t  o f  R e y n o ld s  n u m ber ,  e s p e c i a l l y  
b e t w e e n  w in d s p e e d s  o f  8 ms-1  and  12 m s " 1 , and  t h i s  i s  m ost a p p a r e n t  i n  th e  
v a l u e s  o f  Cp a t  h i g h  i n c i d e n c e .  F o r  Cp an d  C^ t h e r e  i s  v e r y  l i t t l e  
d i f f e r e n c e  i n  t h e  r e s u l t s  f o r  w in d s p e e d s  i n  e x c e s s  o f  12 m s " 1 . As h a s  
a l r e a d y  b e e n  n o t e d ,  t h e  d i f f e r e n c e s  b e t w e e n  t h e  u p s t r e a m  an d  d o w n st re a m  
s u b - c o n d u c t o r  r e s u l t s  a r e  a l s o  s m a l l  e x c e p t  f o r  t h e  8 m s " 1 t e s t s  w h e re  th e  
d o w n st re a m  s u b - c o n d u c t o r  i s  d e e p  i n  t h e  w ak e .
O v e r  t h e  r a n g e  o f  a n g l e s  o f  a t t a c k  f o r  w h ic h  one  m ig h t  e x p e c t
m ost g a l l o p i n g  e v e n t s  t o  o c c u r ,  ± 3 0 °  s a y ,  t h e  v a l u e  o f  t h e  l i f t  c u r v e  s l o p e
i s  p r i n c i p a l l y  p o s i t i v e ,  w i t h  th e  a c c r e t i o n  ' s t a l l i n g '  a t  ±2 0  t o  3 0 ° ;
s u b s e q u e n t l y  t h e  g r a d i e n t  becom es  n e g a t i v e .  I n  t h e  c a s e  o f  t h e  w e t  snow  
a c c r e t i o n s  1 and  2 ,  t h e s e  n e g a t i v e  g r a d i e n t s  c a n  b e  l a r g e  b u t  t h e i r  e f f e c t  
on th e  s t a b i l i t y  o f  t h e  s y s te m  i n  te rm s  o f  t h e  Den H a r t o g  c r i t e r i o n  i s  
a m e l i o r a t e d  b y  th e  h i g h  d r a g  c o e f f i c i e n t s  w h ic h  o c c u r  o v e r  t h e  same r a n g e  
o f  i n c i d e n c e .
F o r  Sh ape  1 ,  F i g .  36 show s  a  r a n g e  o f  a b o u t  2 5 °  f o r  w h ic h  t h e
Den H a r t o g  te rm  i s  m o d e s t l y  n e g a t i v e  ( 3 5 °  t o  6 0 ° ) .  F o r  Sh ape  2 ( F i g .  4 4 )
th e  r a n g e s  a r e  9 °  ( 2 5 °  t o  3 4 ° )  an d  1 2 °  ( - 3 6 °  t o  - 4 8 ° ) .  F o r  th e  f r e e z i n g  
r a i n  a c c r e t i o n  Sh ape  3 ,  t h e  v a l u e  i s  s i g n i f i c a n t l y  p o s i t i v e  f r o m  - 9 0 °  t o  
+ 9 0 °  w h ic h  i s  i n  a g r e e m e n t  w i t h  th e  r e s u l t s  o f  N i g o l  a n d  Buch an  (1 9 7 9 )  .
An i n d i c a t i o n  o f  d i f f e r e n c e s  i n  t h e  a e r o d y n a m ic  p r o p e r t i e s  
a s s o c i a t e d  w i t h  e c c e n t r i c  o r  r o u n d e d  i c e  a c c r e t i o n s  c a n  b e  a p p r e c i a t e d  b y  
s t u d y i n g  th e  w in d  t u n n e l  a e r o d y n a m ic  d a t a  o f  t h e  w e t  snow  an d  f r e e z i n g  
r a i n .  The g r a d i e n t s  o f  l i f t  an d  moment o f  t h e  w e t  snow  a c c r e t i o n s  a r e  o f
o r d e r  f i v e  t o  t e n  t im e s  t h e  v a l u e s  o f  t h e  f r e e z i n g  r a i n  a c c r e t i o n .  T h i s
r e s u l t  i s  o f  p a r t i c u l a r  c o n c e r n  f o r  t h e  d e s i g n  o f  s u c h  d e v i c e s  a s  pen du lum  
d e t u n e r s ,  w h e re  t h e  e f f e c t  o f  3Cj^/3a i n  r e d u c i n g  th e  t o r s i o n a l  f r e q u e n c y  
s u c h  t h a t  i t  c o a l e s c e s  w i t h  t h e  v e r t i c a l  f r e q u e n c y  i s  t a k e n  i n t o  a c c o u n t  i n  
d e s i g n i n g  th e  p e n d u lu m s .  S i n c e  m ost o f  t h e  e x p e r i e n c e  w i t h  t h e s e  d e v i c e s  
comes f r o m  N o r t h  A m e r i c a  w h e re  f r e e z i n g  r a i n  a c c r e t i o n s  a r e  t h o u g h t  t o  
p r e d o m in a t e ,  t h e r e  i s  n e e d  t o  c o n s i d e r  w h e t h e r  more s e v e r e  d e s i g n  c r i t e r i a  
s h o u l d  b e  e m p lo y e d  f o r  t h e  w e t  snow  c o n d i t i o n s  t h a t  p r e v a i l  i n  a r e a s  o f  NW 
E u ro p e  and  t h e  UK ( D i e n e  e t  a l . ,  1 9 8 5 ) .
-  4 .1 1  -
Although not conclusive, there is an indication that wet snow 
(eccentric) shapes could be more prone to gallop than freezing rain 
(rounded) shapes. This observation supports the despacering galloping 
control approach which aims to produce ice accretions on conductors of 
roughly rounded cross-section.
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FIG. 27 LIFT, DRAG AND MOMENT ACTING ON A 
TWIN BUNDLE CONDUCTOR
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FIG. 28(b) ANGLE MEASUREMENT ENCODER. RAMS AND ELECTRIC MOTOR
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FIG. 28(c) UPPER FORCE/MOMENT BALANCE
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FIG. 29 SHAPE 1. WIND TUNNEL CROSS-SECTION SHOWING
POSITIVE DRAG*, LIFT AND FOMENT.
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LIFT (L)
FIG. 37 SHAPE 2 WIND TUNNEL MODEL SHOWING POSITIVE 
LIFT, DRAG AND MOMENT
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LIFT (L)
FIG. 45 SHAPE 3 WIND TUNNEL MODEL SHOWING POSITIVE 
LIFT, DRAG AND MOMENT
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CHAPTER 5
SINGLE CONDUCTOR THEORETICAL AERODYNAMIC MODEL
5 *1 introduction
There is a general agreement world-wide that during vertical 
galloping of overhead line conductors dynamic torsion is almost always 
present. If therefore torsion is accepted to be an important aspect of 
conductor galloping, the possibility of controlling the vertical motion of 
the conductor by acting on the torsional characteristics of the conductor, 
opens up a further range of possible solutions to the problem.
In order to obtain an understanding of the details of the 
instability, a theoretical model of a conductor, single or bundle, with all 
the torsional terms - both mechanical and aerodynamic - is required, 
together with real aerodynamic data. Real ice acretions, relevant to the 
UK weather conditions have been collected from the ice accretion frames as 
was described in Chapter 3. Aerodynamic data of the real ice shapes have 
been obtained in the wind tunnel using faithful silicon rubber replicas of 
the ice acretions (Chapter 3).
In this Chapter the development of a two-dimensional 
two-degree-of freedom theoretical aerodynamic model of a single overhead 
conductor is described. The model takes into consideration aerodynamic 
lift, drag and moment and ice eccentricity as well as the mechanical 
properties of the conductor. The aerodynamic data obtained from the wind 
tunnel measurements will be used in this theoretical model in an attempt to 
establish the regions of instability of the various ice shapes and to carry 
out a detailed study of the relative importance of the various aeroelastic 
terms to the stability of the conductor. The aim of this study is to 
optimise the choice of both the galloping control methods and devices 
already available and where possible, to identify new techniques having 
stabilising properties.
5.2 THE EQUATIONS OF MOTION OF A SINGLE CONDUCTOR
5.2.1 Vertical Conductor Motion
The equations of motion of a single overhead conductor are 
developed in the vertical and the torsional degrees of freedom, w and 0 
respectively. Fig. 53 shows the dynamic position of a conductor length dx 
under dynamic forces such as inertia forces, stiffness forces and 
aerodynamic forces. For equilibrium of forces in the vertical direction, 
assuming zero mechanical damping, the equation of,vertical conductor motion 
can be derived as follows:
-  5.2 -
G - Fa 0
Gor mvL, + T b ax'2
- Fa . . .  (1 )
where m is the mass of the conductor per unit length
T is the axial force acting along the conductor element 
Fa is the total upward aerodynamic force acting on length dx 
wq is the dynamic vertical deflection of the centre of gravity
of the conductor
5.2.2 Aerodynamic Forces
The calculation of the aerodynamic forces is based on the
traditional quasi-steady aerodynamic theory. With this method the 
expressions for the static aerodynamic forces are used to represent the 
dynamic situation. The quasi-steady approach has been used in the past by 
other investigators (Chadha, 1973).
resolved into three components: Lift, Drag and Moment. The three
components are defined as follows:
Lift force, L, is defined as the aerodynamic force component acting on
the conductor, normal to the wind direction.
Drag force, D, is defined as the aerodynamic force component acting on
the conductor in the direction of the wind.
Moment, M, is defined as the torque acting on the aerodynamic centre 
of the conductor cross-section.
The three force components can be expressed mathematically as 
follows:
The static aerodynamic forces acting on an iced conductor can be
L = £pV2C£CL
D = £pV2CACD . . .  (3)
I
-  5 .3  -
M = £pV2C2£CD . . .  (4 )
where p i s  th e  d e n s i t y  o f  th e  a i r
V is the wind speed 
C is the conductor diameter 
& is the conductor length 
Cp is the lift coefficient 
Cp is the drag coefficient 
Cj4 is the moment coefficient
The above forces are often expressed per unit length. The lift, drag and 
moment can fully represent the aerodynamic characteristics of iced 
conductors. The lift, drag and moment coefficients Cp, Cp and 
are, in general functions of the angle of attack a.
Fig. 54 shows the dynamic position of an iced conductor moving 
vertically with velocity w in an air stream of speed V. As a result of the 
conductor's motion the 'apparent' wind direction forms an angle 3 with the 
horizontal. The conductor experiences aerodynamic lift, drag and moment,
L, D and M respectively in the wind direction defined by the apparent angle 
of attack 3. In Fig. 54, Y represents the static angular orientation of 
the ice aerofoil under static equilibrium conditions and 0 represents the 
dynamic torsional deflection under dynamic conditions. The total angle of 
attack is the addition of T, 0 and 3 , i.e.
The vector relationship between the apparent wind speed Vr, the free 
stream wind speed and the apparent angle of attack 3 is shown in Fig. 54. 
For small angles
In the case of uniced conductors the centre of gravity and the 
centre of torsion coincide. The accretion of eccentric ice deposits 
results in an eccentric centre of gravity as shown in Fig. 55.
a
... (5)
-  5 . 4  -
Let point G represent the centre of gravity of the iced conductor 
and let point T represent the centre of torsion of the assembly. If 
distance e represents the eccentricity of the centre of gravity G, the 
vertical displacement of the centre of gravity is given by
w_ = w + e sin(Y+0) b
where sin(0+Y) = sinOcosY +■ sm^cosQ 
Assuming that 0 CS <x small angle
sin(0+Y) = 0cosY + sm^
and hence
wQ w + e^cosY+SI-njj) ... (6)
Using (6), equation (1) may be written as follows:
32wraw + me0cosY + T -r—y + F = 0 ... ( 7 )3X4 a v '
5.2.3 Torsional Conductor Motion
The differential equation of conductor torsional motion is 
formulated in a similar manner. Assuming zero damping in the torsional 
degree-of-freedom the equations of motion may be derived as follows. The 
inertia force in the vertical direction applied on the centre of mass of 
the assembly G (Figure 54) is given by
mw_ = mw + mecosY0 b
The inertia force in the rotational direction is obtained by taking the 
moments of the inertia force about the elastic centre 0 and is given by:
J0 + (mw+mecosY0)e cosY + k^0 - WesunYO = Ma
or (J+me2cos2Y)0 + (mecosY)w + k^0 - WeSxo-Y9 = Ma
or I 0 + mecosYw + k 0 - WeStn.Y0 = Ma o (8)
-  5 .5  -
where IQ is the mass polar moment of inertia of the iced conductor, 
per unit length
kg is the equivalent torsional spring stiffness of a conductor 
span
W the weight of the ice: ' . per unit length
Ma is the total aerodynamic moment per unit length 
In equation (8) the term (-We sinJ.0) represents the negative gravitational 
stiffness because of the eccentric weight of the ice (see Fig. 55).
5.2.4 Vertical Aerodynamic Force
In Fig. 54 the vertical aerodynamic force Fa is given by
Fa = L(a) cos|3 + D(a) sin|3
or for small angles J5
Fa = L(a) + D(a) 2 ... (9)
The lift coefficient Cfo is a function of the angle of attack a and can be
expressed in a Taylor's expansion about the equilibrium point T as 
follows:
ac (T) ac (T)
C^(a) = ^(7) + 0 — gg—  + 3 — gp—  + higher order terms.
Ignoring the higher order terms
cL (a) = CL ♦ ecL9 + bcl(5 ... (10)
where
3C (T)
CT = CT (T) and C. “ UL L ' L0 30
Similarly the drag coefficient can be expressed as follows:
cD(a) = CD + ecD0 + gcDB . . .  ( 1 1 )
where
ac ( r )
CD “ S 1-7) and CD6 - 80
Substituting (10) and (11) in (9), using expressions (6) and (7) and 
ignoring higher order terms, the total aerodynamic force Fa is written as 
follows:
-  5.6 -
Fa = iPv2c(cL + ecL8+pcLB) ♦ |pV2C(CD+8CD9+6CDB) |-
Ignoring variations of Cp with 0 and 3 as they are generally small,
Fa = ipV2CCL + |pv2cecL9 + ipVC(CLB+CD)w ...(12)
Substituting expression (12) in equation (7) and ignoring the first term 
which represents the steady state condition, the differential equation of 
vertical motion of the conductor is given by:
mw + me (cosY)0 + k^w + -^pV^CC^O + ^pVC(C^a + Cp)w = 0 ... (13)
5.2.5 Aerodynamic Moment
The aerodynamic moment (Fig. 54) is equal to the sum of the 
torques generated by the lift and drag forces acting on the aerodynamic 
centre of the cross section of the conductor. The analytical expression 
for the aerodynamic moment per unit length of conductor is given by
Ma = i  pV2C2CM(a) ... (14)
where C^(a) is the aerodynamic coefficient.
In general the aerodynamic coefficient is a function of the total angle of 
wind attack a. In a similar way as for the lift and drag coefficients Cjv[ 
is expressed in a Taylor's expansion as follows:
V “ > = CM + 0CMB + 6CMP ■ "  (15)
where
3CM(r )
CM = CM(a) and CM0 = - j j -
Substituting expression (15) in equation (14) and ignoring the steady state 
terms, equation (8) describing the torsional motion of the conductor is 
written as follows:
Ioe + (me cosY)w + k00 - W(e slnY)0 - ipV2C20CM0 - ipVC2wCM|J = 0
. . .  (16)
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5.2.6 Mass, Damping and Stiffness Matrices of a Single Conductor
Equations (13) and (16) represent the differential equations of 
motion of a single conductor in the vertical and torsional degrees of 
freedom. Before an analytical solution for stability is attempted it is 
convenient to represent the two equations in a normalised form. The 
following quantities are defined:
Substitution in equations (13) and (16) yields
w + (e cosY) 0 + W/ w  + + CD)w = 0 ... (17)
I o
0
... (18)
Equations (17) and (18) are written in a matrix form as follows:
[M]{ii} + [C]{u} + [K]{u} = 0 ... (19)
where [M], [c] and [K] represent the mass, damping and stiffness matrices 
respectively and their elements are as follows:
1 e cosY
[M]
me cosY 
I 1o
[o ]
0
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M
and
M
5.3 WIND TUNNEL DYNAMIC RIG THEORETICAL MODEL
A dynamic rig was constructed for tests in the wind tunnel in 
order to verify the instability of an overhead conductor predicted using a 
theoretical aerodynamic model. Whereas the dynamic wind tunnel rig will be 
fully described in Chapter 9, reference to it will be made in this section 
where the equations of motion describing a two-dimensional theoretical 
aerodynamic model of the rig will be developed. The theoretical model uses 
the aerodynamic data which were obtained from the static tests as was 
described in Chapter 4. The theoretical model of the dynamic rig will be 
employed in order to establish the regions of instability relevant to each 
ice shape. The results of the theoretical model will be compared with the 
results of the dynamic tests. Once good agreement is achieved the 2-D 
theoretical model will be developed in 3-D to model several spans of 
overhead line conductors.
5.3.1 Equation of Motion of a Single Conductor Dynamic Rig
Figure 56 shows the plan view of the spring arrangement of the 
dynamic rig. Note that only the half upper part of the rig is shown. At a 
given time the assembly translates by a distance w and rotates by an angle
0. For small angles of rotation the longitudinal spring effect is assumed 
to be negligible. The two motions are assumed to be uncoupled. The 
equations of motion for the two degrees-of-freedom w and 0 are developed as 
follows:
mw = -4k (w + 0s) - 4k(w - 0s) + F
Si
or
a
Pure T r a n s la t io n
mw + 8 kw = F
w 2 | y V 2Cw ^ 1  La
n 2 x TT2_, e sinY0 wD - CM„ - W2 Ma I
w
{ I
where k is the linear stiffness of each spring
2s is the distance between spring attachment points 
Fa is the total aerodynamic force.
(k = 12 Nm*1, 2s = 0.28 m)
or
Pure Rotation
1 9 =  4k(w - 0s)s - 4k(w + 9s)s + M o a
1 0 + 8  ks20 = M o a
where Ma is the total aerodynamic moment
IQ is the polar moment of inertia of the conductor.
Expressions for the aerodynamic force and moment were developed in Sections
5.2.4 and 5.2.5. Substituting for the aerodynamic force and moment the 
equations of motion are written as follows:
mw + 8kw + | pV2C CLa 0 + | pVC (CLa + CD)w = 0  ... (20)
ioS + 8ks2e - | pv2c \ ae - | Pv2c2cMaw = o ... (21)
5.3.2 Mass, Damping and Stiffness Matrices
Equations (20) and (21) are the equations of motion of the 
dynamic rig in the transverse and torsional degrees-of-freedom. The 
equations are presented in a normalised form as follows:
5 +  V  +  \  V1V\ /  +  \  vlV(CLa + V *  =  0  '  • '  ( 2 2 )
+ “ 09 -  I  V + a 9 -  I  W  = 0 . . .  (23)
where
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E quations  (22 )  and (23 )  can be w r i t t e n  i n  a m a tr ix  form as f o l l o w s :
where
[«] {«} + + [K]{uj = 0
[M] =
... (24)
{ " }  = 
[C] =
[K] = I V 2cLa
“8 “ 2 V2V CMa
5.3.3 Coordinate Coupling
Consider the rigid beam attached to two springs as shown in 
Figure 56. If G is the centre of mass, the equations of motion are as 
follows:
mw k (w - s 0) - k2(w + s20)
I 08 = ki ( w "  s10) “  k2 w^ + S20^S2
or in matrix form,
1 0
s ' ~\
w kl * k 2 m
k2s 2 ~ klsl 
m
k2s 2 ” klSl klSl2 + k2S22
w I = 0
(25)
The coordinates w and 0 are coupled by the term k2s2 - kiSi. The coupling 
disappears when k2s2 = k2Si. Therefore there is a point along the beam AB
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where a force applied normal to the beam will result to pure translation. 
Let such a point be C so that
m(wc + e0) = k1(wc -  s30) -  k2(wc + s40)
V  + meWc = V Wc “ S30)S3 " k2(wc + s49)s4
where e is the distance between the centre of mass and the centre of 
torsion or in matrix form
m me yw"\ + k., + k„ 0
< c>
1 2
me I V e 7 0 1 2 J. 1 2_ c _ 1 1  2 2
w = 0
(26)
The coupling term appears in the off diagonal mass matrix 
elements. The coupling is dynamic: if the beam AB is displayed by a force 
applied on C, the inertia forces on G will result in a moment about C and 
produce rotation superimposed on the translation. No coupling is present 
in the stiffness matrix.
5.3.4 Coordinate Coupling in the Wind Tunnel Dynamic Rig: Single
Conductor
Equation (26) can be applied to the wind tunnel dynamic rig. 
Assuming that all the springs have the same stiffness equation (26) can be 
written as follows:
me
I
f* >1
w +c
< >
0L J
8k
m
4ks^2 + 4ks22
= 0
. (27)
where e represents the amount of eccentricity (see Fig. 57). Including the 
aerodynamic forces the equation of motion for the single conductor assembly 
is written
[M]{UJ + [ C ] { u }  + [ K ] { u ]  = 0 (28)
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where
[M] 1 e
me 1I c
[C]
-  k U,vc,2 h2 Ma 0
[K]
and { » }
The dynamic coupling term which is present even in the absence of 
aerodynamic coupling appears in the off diagonal elements of the mass 
matrix.
5.4 SOLUTION OF THE DIFFERENTIAL EQUATION OF CONDUCTOR MOTION
Equations (19) and (28) describe the vibration of a single 
conductor and the dynamic rig. Let us assume a solution of the form
where both u0 and X are in general complex. Equation (28) can be written 
as follows:
Solution of equation (29) gives 2n number of complex eigenvalues in n 
complex conjugate pairs of the form:
Xtu u e o
(X2[M] + X[C] + [K]){uJ = 0 . .. (29)
Xn ... (30)
where n is the number of degrees of freedom. The real part of the
I
e ig e n v a lu e  r e p r e s e n t s  th e  e x p o n e n t ia l  change i n  maximum am plitude  w ith  tim e
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and the imaginary part represents the harmonic change of amplitude with 
time.
5.4.1 Method 1: Solution of a Quartic Complex Equation
For non trivial solutions equation (29) yields a quartic in X as 
shown below:
X4(l - m I°S Y) + I X3V fu2CMae cosY - Vl(CLa + C„)}
, ^2,^ 2 , _ 2 j X72„ We sinY , m ecosY T72„ N+ X ( « 0 + a.w -  z v 2 v  cM a J  + — ----  HjV cLa)
O o
+ x[- iUlv(cLa * c d)(M02 - S i - f M )  - ^ 2v3cLacMa}
O
2 , 2 j ..2n We sinYv „+ w (wQ -  £p_V CM  = ) = 0w v 0 zr2 Ma I ... (31)
5.4.2 Method 2: Solution of a Double Eigenvalue Problem
The quadratic equation (29) and the equation \uQ = XuQ can be 
written in an equivalent form representing a linear eigenvalue problem of 
order 2n as follows:
-M XK -M_1C
r  > 
uo
Xuo
... (32)
5.4.3 Method 3: Solution Using a Programmable Calculator
Equation (31) may also be solved using a programmable calculator; 
a Hewlett-Packard 67 was used. This method of solution is particularly 
attractive of its simplicity and ease of use when a quick answer is 
required.
5.5 IMPLEMENTATION IN A COMPUTER PROGRAM
Two computer programs were developed to solve the stability 
equation of the conductor in'the form given by either equation (31) or 
equation (32). In both programs the method of solution examines the sign 
of the real part of the complex eigenvalues: positive real parts indicate
an unstable conductor and negative real parts indicate a stable conductor. 
The imaginary part of the complex eigenvalues corresponds to the frequency 
of oscillation. 1
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5.5.1 Subroutine Package for Solution by Method 1
Equation (31) represents the stability equation describing the 
two degree of freedom conductor system of equation (29). Equation (31) is 
solved using the subroutine package RECOM (Allnutt, 1972) which determines 
the complex roots of a function f(x), counts the number of roots within a 
prescribed radius in the complex plane or searches for the location of a 
particular root as one parameter of the function is varied. The subroutine 
package RECOM is stored at the CEGB's mainframe computer. The computer 
program which contains the package RECOM is executed as a remote job from 
the Central Electricity Research Laboratories and run at the CEGB's 
mainframe computer (IBM 370). The program also calculates the 
corresponding natural frequencies of oscillation.
5.5.2 Subroutine Package for Solution by Method 2
Equation (32) is solved by a set of subroutines from the Harwell 
library. The method calculates all the eigenvalues, but suitable 
modifications have been made so that only the specified eigenvalues are 
given. The program also calculates the natural frequencies and the 
corresponding mode shapes for a given input configuration. The conductor 
stability may also be expressed as a logarithmic decrement, 6n where 6n 
is defined as follows:
a
2 it ry
Dn
where an and bn are the real and imaginary parts of the nth complex 
eigenvalue. Thus a positive 6n indicates a positively damped mode (i.e. 
amplitude decreases with time) whereas a negative 6n indicates an 
unstable mode (i.e. amplitude increases with time). The subroutine package 
used by this method is stored at the CEGB's mainframe computer and the 
program is run as a remote job from CERL.
6 = -  n
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CHAPTER 6
TWIN BUNDLE CONDUCTOR THEORETICAL AERODYNAMIC MODEL
6.1 INTRODUCTION
It appears, from a number of field observations, that on CEGB 
twin and quad bundled lines, dynamic torsion during galloping is a common 
phenomenon. (Dienne et al., 1985) Figure 1 exhibits a near 90° torsion of 
the bundle. Similar observations on bundled and single conductors have 
been made in Europe and North America (Dienne et al., 1985; Nigol and 
Havard, 1978).
Depending on the source of the torsional motion, a number of 
unstable conditions may occur. The following types of instability are 
relevant to bundled conductors and would exhibit torsional motion:
1. Vertical instability coupled by ice eccentricity to torsion;
2. Vertical instability coupled by sub-conductor aerodynamic moment
to torsion;
3. Vertical instability coupled by subconductor differential lift to 
torsion;
4. Vertical/torsional binary flutter;
5. Torsional instability coupled by the lift characteristics to 
vertical motion.
If torsion is accepted to be an important aspect of conductor
galloping, the possibility of controlling the vertical motion of the
conductor by acting on the torsional characteristics of the conductor, 
opens up to further range of possible solutions to the problem. The 
suitability of any particular torsional control approach depends on the 
extent to which of the above instabilities do or do not occur.
The two methods of control which have so far shown most promise 
are pendulum detuners and despacering (see Chapter 1). Both depend heavily 
on the torsional dynamics of the conductor. Both methods have the 
essential quality of simplicity; however, the range of conditions over 
which these methods can be effective and, indeed, any other method based on 
torsional control, depends critically on the details of the instability.
For many years, galloping was considered to be a purely-vertical 
instability associated with the Den Hartog criterion (Den Hartog, 1932) for 
negative damping in the vertical direction. If this were the case, 
pendulum detuners and despacering would have little success.
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In order to study the type of instability relevant to bundled 
conductor lines a two-dimensional, two degree-of-freedom theoretical 
aerodynamic model of a twin overhead conductor was developed and is 
described in this chapter. The theoretical model takes into account 
aerodynamic lift and drag forces and aerodynamic moment. It also allows 
for ice eccentricity and conductor wake effects.
Real ice shapes, relevant to the UK weather conditions have been 
collected with the ice accretion frames as it was described in Chapter 3. 
The aerodynamic characteristics of these ice shapes have been measured in
the wind tunnel from faithful silicon rubber replicas of the ice
accretions. The wind tunnel measurements will be used as data for the twin 
bundle aerodynamic theoretical model in order to establish the instability 
regions of each ice shape.
Throughout the analysis the following assumptions are adopted:
1. The conductor catenaries are shallow, valid for most overhead 
power lines employed by the CEGB.
2. The tension along the conductor is constant.
3. Since Reynolds Numbers are low the conductors are considered as
smooth cylinders and stranding effects are ignored (Simpson,
1965; Richards, 1965; Davis, 1963).
4. The mean wind speed in the wake of the upwind conductor is equal 
to the free stream windspeed when estimating the. position of the 
downwind conductor and the aerodynamic forces acting on it.
5. The wind speed is constant along the entire conductor span.
6 . The tensions of the two conductors in the twin bundle are the 
same.
6.2 THE EQUATIONS OF MOTION OF A TWIN BUNDLE CONDUCTOR
6.2.1 Potential Energy Expression
The equations of motion of a twin bundle overhead line conductor 
are developed using La .grange's equation and the principle of Virtual 
Work.
The potential energy expression of an overhead conductor is given 
by Koutselos (1983) in bending, stretching and torsion and is written as 
follows:
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V = HT+EA) / (u'-w | ) 2 dx + T / (w'+u | ) 2 dx
o o
2£ 2£
+ | T J (v!) dx + jr GJ / (9') dx . . .  (34)
o o
where u 5v,w and 0 are the longitudinal, horizontal, vertical and
torsional degrees-of-freedom respectively and are defined in 
Figure 57.
E is the Young's modulus of the conductor material 
A is the area of the cross-section of the conductor 
£ is the semispan length
W is the weight of the conductor per unit length 
T is the tension of the conductor along the catenary 
H is the horizontal component of tension 
G is the modulus of rigidity of the conductor 
J is the torsional stiffness constant of the conductor
In this analysis a two degree-of-freedom theoretical model was developed: 
it employs the torsional and the vertical degrees-of-freedom 0 and w 
respectively. Neglecting the horizontal and longitudinal 
degrees-of-freedom v and u, equation (34) is written as follows:
Equation (35) can be written for a two subconductors A and B 
forming a 'twin bundle'. Equation (35) is written for conductors A and B 
as follows:
o o o
... (35)
. . .  (36)
o o
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where the suffixes A and B denote conductors A and B respectively. It has 
been supported by several field observations that the first anti-symmetric 
mode, often referred to as a two-loop mode, occurs more frequently than 
other galloping modes (Edison Electric Institute, 1977). This observation 
is used as an assumption in this analysis and the formulation of the 
theoretical model assumes a two-loop galloping mode. Assuming the 
deflection shapes the vertical and torsional modes are given as follows:
— , 7TX — . 7TX
WA ~ WA Sin 2 * WB ” WB Sin JI
: . 7TX Q _  X . 7TX'a sin r* b = b sin r
... (37)
where w^, w^, 0 ,^ 0g denote the amplitudes of the displacements.
Integrating equation (36) along the catenary, using the set of 
expressions (37), the potential energy equation is given as follows:
tv  2 t _ t o / *  _
V =  w +  t- W
2H 2H
rp_2 9 rj GJ TI2 _ GJxN 2 __ O
+ I2L. (w + w ) + — ——  0 + — -—  0 ... (38)22  ^A B ; 22 °A 22 B " ’ 1 ;
All the CEGB bundled conductor lines employ spacers which help to 
keep the bundle configuration intact. The spacers are spaced in 
prediscribed equal or unequal intervals and are rigidly clamped on each 
conductor. It is assumed that the torsional displacement of each conductor 
is equal to the bulk torsional displacement of the bundle. If d is the 
distance between the two conductors of the bundle, the torsional deflection 
of each conductor is given by:
WB “ WA
eA = 0B - = 0 ••• (39)
where 0 is the bulk torsional displacement of the bundle.
Substituting 0^ and 0g from (39) into equation (38), the 
total potential energy expression for the conductor bundle in stretching, 
bending and torsion is given as follows:
where
™ A 2* -  2 , ™ B 2 -  2v =  w + -—  w
2H 2H 15
2
+ I r  ^ ^ V ^ B ^ A 2 + "  2V b ( V V ?  ••• (40)
g j a A
^A Td2
VB Td2
6.2.2 Kinetic Energy Expression
The contribution to the kinetic energy of the bundle derived from 
the rotation of each of the two conductors is small in comparison with the 
translational kinetic energy and is therefore ignored. The kinetic energy 
of the bundle in translation is as follows:
2£ 2£
T = i mA / wA2 dx + i mB / wB2 dx ... (41)
o o
Assuming a deflection shape given in equation (37) and 
idering the two-loop mode, integration along the catenary produces:
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cons
T = i mAAwA2 + £ mB£wB2 ••• (42)
ignoring the torsion effect as being comparatively small and where 
mA is the mass per unit length of conductor A
mB is the mass per unit length of conductor B
6.2.3 Langrange's Equation
The La grange's equation for a conservative, holonomic system is
given by:
St If) + ti|) - o •••(«)3q n
where T is the Kinetic Energy of the system
V is the Potential Energy of the system, and 
q is a generalised coordinate.
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Substituting for the potential energy expression (equation (40)) 
and the kinetic energy expression (equation (42)) the differential 
equations of motion of conductors A and B forming the twin bundle are 
derived:
TW 2l  _ 2 _ 2
V WA + - p ~  WA + —  (1+W wA “ —  (W wB “ 0
••• (44)
TW A  _ 2 _ 2
V WB + —5 T  "B + " T  (1+W WB "  T  ( W WA = 0n
... (45)
Now examine the case where the vertical conductor movement is 
coupled with torsion, a condition which is often observed as explained in 
Section 6.1. Figure 58 shows the dynamic situation for a twin conductor 
bundle. Its dynamic position is the result of translation in the vertical 
plane and of rotation about the centre of the bundle. Let point G 
represent the centre of gravity of the iced conductor and let point T 
represent the centre of torsion of the assembly. If distance e represents 
the eccentricity of the centre of gravity G, the vertical displacement of 
the centre of gravity of conductor A is given by:
w_. = w. + e. sina. ... (46)GA A A A
In Figure 58 the iced conductor bundle is moving vertically with 
velocity w inside an air stream of speed V. As a result of the conductor's 
motion the 'apparent' wind direction forms an angle 3 with the horizontal. 
In Figure 58, Y represents the static angular orientation of the ice 
aerofoil under static equilibrium conditions and 0 represents the dynamic 
torsional deflection under dynamic conditions. The total angle of attack 
is the sum of Y, 0 and 3, i.e.
a = Y + 0 + 3 .•• (47)
Substituting for a in expression (46) the vertical displacement 
of the centre of gravity of conductor A is given by:
WGA = WA + 6 A sln(' V 0) ■ • • (48)
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Assuming small angles for 0 ; and ignoring second order terms
the vertical displacement of the centre of gravity of the conductor is 
expressed as follows:
WGA = WA + eA^9 cosV ’S m tfA) <49)
and similarly for conductor B
WGB = MB + eX0 COS YB + SLntfs) ...(50)
So far, no mechanical or aerodynamic external forces have been 
considered. These effects will be examined in a later section. Equations 
(44), (45), (49) and (50) are combined to derive the differential equations
of free undamped vibration of a twin bundle:
e 2 2
■ V + a + r (v V  cosV  + n r ^ V V ^ A  ~ - i r (W " B
TW 22
+ — 5—  ~ 0 ( 51>
H A
V H  + r (v V  cosTa5 + H r (1+V V " B  ■ - t ^ a^ b^ a
TO-2*  _
+ — o—  W„ = 0 ... (52)
H B
6.2.4 Calculation of the Angle of Incidence of the Bundle
Figure 59 shows the dynamic position of a twin conductor bundle.
Consider a fluid particle, which moves with speed V equal to the free 
stream windspeed, leaving conductor A and arriving at conductor B X seconds 
later. If the conductor separation is d and if the wind velocity in the
wake of A is assumed equal to the free stream windspeed, V, then
t = | ... (53)
The aerodynamic forces on conductor B depend upon its relative 
position with respect to conductor A. The relative position of the two
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conductors is defined by the angle of incidence of the bundle, 5, as shown 
in Figure 54. For small angles
w (t)-w (t-T)
6 = -2---- - f ----  ... (54)
Assuming simple harmonic motion of vertical frequency w, the
vertical displacements of conductors A and B are given by
w^(t) = a coswt, = k coswt
where a and b are the amplitudes of the displacements, at any point on the
conductor.
Expression (54) can be written as follows:
wB(t) f . x wB(t) w.(t)- Bv a cosw(t-x) B a sxnwto = — -z—  j   = — j—  j —  coswx -  j   sinwxd d d d d
and reduced to
* (t) wA(t) * (t) sinuT .
6 = — J------- J -  cosut + —  —  ... (55)
6.2.5 Aerodynamic Forces
The calculation of the aerodynamic forces is based on the 
traditional quasi-steady aerodynamic theory. With this method the 
expressions for the static aerodynamic forces are used to represent the 
dynamic situation. The quasi-steady approach for calculating aerodynamic 
forces on conductors has been used in the past by other investigators 
(Chadha, 1973).
The static aerodynamic forces acting on an iced conductor can be 
resolved in three components: Lift, Drag and Moment. The three force
components are defined in Section (5.2.2) and are repeated here for 
reference
L = i pV2CLCL(<x)
D = |  pV2CLCD(a )
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M = i pV2C2LCM(a)
where L is the span length
6.2.6 Vertical Aerodynamic Force on the Upstream Conductor
The vertical aerodynamic force acting on a length Sx of conductor 
A is shown in Figure 60 and is given by
where , is the aerodynamic lift force on conductor A 
is the aerodynamic drag force on conductor A
For small angles the expression for the aerodynamic force is 
simplified as follows:
The lift, drag and moment coefficients C^(a), Cp(oc) and C^ (cx) can 
be expressed in a Taylor's expansion about the equilibrium point Y. For 
conductor A
Ignoring the higher order terms the expression of the lift 
coefficient becomes:
6fwa = " (la c o s y  + da slnlV
where C.'LA0 30
Similarly the drag coefficient is given by
. . .  (58)
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Substituting expressions (57) and (58) in (56) the expression for 
the vertical aerodynamic force on conductor A becomes
6Fwa - -qCdxCLA - qCdx0CLA6 - s S * l (CDA + cLAB)wA 
and substituting for 0 from equation (39)
6FWA = -qCdxCLA " ^d <-CLA0WB ” CLA0WA-) _ 4  C^DA + CLA(5’)WA
... (59)
where q is defined as the dynamic pressure term and is given by
q = ipV2
The aerodynamic forces acting on the downstream conductor B are 
determined by the characteristics of the wake behind the upstream conductor 
A. The wake characteristics mainly depend on the shape of the upstream 
iced conductor and the angle of incidence of the bundle, 6 (equation (55)). 
The shape effects for each conductor are associated with the total angle of 
attack a. In the analysis which follows, the aerodynamic coefficients with 
subscript a will denote change with respect to conductor rotation while 6 
is kept constant, and the aerodynamic coefficients with subscript 6 will 
denote rate of change with respect to the angle of incidence of the bundle, 
while Y, 0 and 3 are kept constant.
6.2.7 Vertical Aerodynamic Force on the Downstream Conductor
To calculate the drag and lift force and moment on conductor B, 
the angle of incidence of the bundle, 6 , given by equation (55) should be 
included. The lift coefficients of conductor B is expressed in a Taylor's 
expansion, in a similar way as for conductor A but including the wake 
effects:
CL b A ’6) = CLB^rB’0 ’®B’fi)
0C (Y ) 3Ct r O V
= CLB(V  + 9 ---30--- + 9B  3B- + 6CLB6 + hisher order terms
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Ig n o r in g  th e  h ig h e r  order terms
. . .  (60)
C.LBa
Similarly for the drag coefficient
CDB^aB*6^ ... (61)
(1963) and his findings will be used in this analysis.
The aerodynamic force acting on conductor B is shown in Figure 60 
and for small angles is given by
Substituting expressions (55), (60) and (61) into equation (62) 
and ignoring terms of order higher than one, the aerodynamic force on 
length dx of conductor B is given by:
6 .2 .8  Aerodynamic Moment
The aerodynamic moment (Figure 60) is equal to the sum of the 
torques generated by the lift and drag forces acting on the aerodynamic 
centre of the cross-section of each conductor. The analytical expression 
for the aerodynamic moment acting on a conductor length dx is given by:
... (62)
WB -qCdxCLg {^CLB0+CLB6^WB “ C^LB0+COSWtGLB6^WA^
qCdx rsinwx
{ . .. (63)
SM = \ PV2C2dxCM(a) . . .  (64 )
where Cj^ (a) is the aerodynamic moment coefficient.
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The aerodynamic moment coefficient is a function of the angle of 
attack. The moment coefficient of conductor A is given by
CMA(“A) ~ CMA + 0 CMA0 + gACMAB ••• (65)
Where CMA = CMA(V
c _ 3(W V
MAS 30
Similarly for conductor B but including wake effects:
CMB((V  = CMB + 9 CMB0 + VmA|5 + 6CMB6 *"
Substituting expression (65) in (64) the aerodynamic moment 
acting on a length 6y of the upwind conductor A is given by
6MA = qc2dxCMA ♦ cma0“ b -  4 ^  cMAe“ A + ^  cmaA
... (67)
Similarly, substituting (66) in (64) the aerodynamic vertical 
force acting on conductor B is given by:
6MB = qC dxCMB + q"d  C^MB0+CMB6^WB “ q d tCMB0+CMB6 c o s w t ] w a
2 2, qC dx n . , qC dx n . sinwx frc>-,
+ V MBB WB + V MBS A ~ 5 T  ''' (68)
The combined action of the aerodynamic moments 6MA and 6Mg 
given by expressions (67) and (68) respectively results in rotation of the 
conductor bundle by an angle 60. The work done by the aerodynamic moments
through an angle of bundle rotation 60 is given by
6Q = (6M)(60) ... (69)
where 6M is the sum of the moments acting on conductors A and B (Fig. 60) 
and is given by
6M = 6Ma + 6Mn A B (70)
-  6 . 13  -
5w -5w.
6Q = (6Ma + 6Mb) ad . . . (71)
Expression (71) can be used to derive the generalized vertical 
forces acting on the two conductors. For the upstream conductor A
6fwa = =  -  a ( “ a + 5V  ••• t 72)ow.A
and for conductor B
5fwb ■ +  - a CSMA + 6V  ••• <73>
B
where the quantity (SM^ + 6Mg) common to both equations (72) and (73) 
is derived from expressions (67) and (68) and given by
6Ma + 6Mb = qC2dx(CMA + CMB) + 3 ^  (CMAe + <+,80 + < W  WB
qC2dx „ _ s- 3—  + C„_ p COSWT + C,.Art) w.d v MB0 MBS MA0' A
+  q c 2 d x  r r  +  r  s i n c 0 T > +
V ( MA3 MBS wx 7 A
qC2dx .
V MB3 B ’* * (74)
The first term appearing in equation (74) represents the steady state force
component. This term is ignored as it is of no interest in this analysis.
From equations (72) and (74) the vertical aerodynamic force on 
conductor A is derived:
6FWA = ~ **d ^d C^MA0+CMB0+CMB6^ WB " d (CMB0+CMB6 COSWT + CMA0)wA
E quation  (69)  can be w r i t t e n  as fo l l o w s :
+ V ^CMA3 + CMB6 WA + V CMB3 WB^
-  6 . 1 4  -
6FWB = “ d (CMA0+CMB0+CMB6)WB + d G^MB0+CMB6COSWT + CMA0)wA
C rn A. n sinwr. . C _ . 7
V MA3 MBS wx A V HB3 Wb 5 ***  ^ ^
6.2.9 Moment from Differential Drag
In general, the aerodynamic forces on the upwind and the downwind 
conductors will be different because of the differences in the ice shape. 
The differential drag force will rotate the bundle about its centre of 
rotation 0 (Figure 60) through an angle of rotation 60. The work done by 
the aerodynamic drag forces D^ and Dg through an angle of rotation 60 
is given by
d(6Q) = d(SM60) ... (77)
where from Figure (60), for a length of conductor dx
SM = qCdx | [CDA(a) “ CDB^a^  s in0  
For small angles of rotation
WB " WAsin0 - 0 and 0 =  -?---d
S im i la r ly ,  th e  aerodynamic v e r t i c a l  f o r c e  on con d uctor  B i s  g iv e n  by
so that
w — w
6M = qCdx | [CDA(a) - cpB(a)] 8 H A ••• (78>
Therefore
W “* W W "" w
6Q = qCdx | [CDA(a) - CDB(a)] £  A 5 ( B A A) ... (79)
Expression (79) is used to derive the generalised forces acting on the 
upwind and downwind conductors. Assuming the entire span oscillating in 
the mode
TTX 7TX
wa = w a sin r  > wb = wb Sln r
the generalised forces are derived as follows:
22
pwa = i  f r dx = -  •A- H  '  V  ••• (80)o A '
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WB
no
- /  5Q . qC£ . f~ - ,
" f  ^  = ~  -A- (WB '
where A = I  tCDA(a ) -  Cn + a ) ]DB
... (81) 
... (82)
Equations (58) and (61) show expressions for the drag coefficients of the 
two conductors and are repeated here for convenience.
CDA(aA) °DA + 0CDAa + 3ACDAa
" CDB + 0CDBa + ^BCDBa + 6CDB6
Considering the two-loop mode
and
TTX
WA WA Sin £
-  , TTX
wB " WB Sin £
using expressions (80), (81), (82), (58) and (61) and ignoring second and 
higher order terms the expressions for the generalised forces because of 
the differential drag force is given in matrix form as follows:
= - s £ £
2d C^DA CDB^  fCDA ~ CDB^
C^DA CDB^  C^DA CDB^
wj ... (83)
wTB
6.2.10 Moment from Differential Lift
The differential lift force will rotate the bundle through an 
angle 60. The work done by the aerodynamic lift forces LA and Lg 
acting on conductors A and B respectively is given by
d(6Q) = d(6M60)
where from figure (60) for a length of conductor dx
6M = qCdx ^ [cLA(aA) " CLB('<XB^  ^ COS
For small angles of rotation
6Q = qcdxf [CLAaA) - C LB(aB)]6(
- w.
(84)
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Expression (84) is now used to derive the generalised forces acting on the 
two conductors. Assuming the entire catenary oscillating in a two-loop
— 7TX — 7TXmode i.e. w.  = w.  sin 7— and wn =  w„  sin -r— ,A A £ B B £
2£ SQFwa = / —  dx = - qC£A
o 5w.A
... (85)
and
2£
Fw„ = / %  dx = qCAA
o 6wb
. . .  (86)
where . . .  (87)
Equations (57) and (60) are expressions for ^EA(aA) and C^^(ag). 
Substituting into (87)
A =  ^{(CLA " CLB) + d (CLA0 " CLB0)wB “ d (CLA0 ” CLB0)wA
1 n 1 „ * 1 „ . 1 „ 1 sinwT „+ 77 CT . w - - CTn w — — CTT5Xwn + 3 coswi CTT1JtwA - ~ -----  C__j.w.V LAa A V LBa B d LBS B d LBS A V wt LBS A
. . .  (88)
From (85), (86), (87) and (88) ignoring the higher order and
static terms, the generalised forces from the differential lift are 
expressed in matrix form as follows:
6fwb
qC£
2d
S -\
'-(CLA0 “ CLB0^ + COSWTCTT1Jt.LBo + (CLA0 “  CLB6^ + CLBS
<
WA
(CLA0 - CLB0> - COSWTCtt,- LBo ' <CLA0 "  CLB0^ “ CLB6 _ w
-  32£2V CLA3
sinwT
WT CLB5 " CLB3
S ' .
WA
, sinwT
< >
__ “CLA3 + -----WT CLBS CLB3_ W^B> . . .  (89)
6.3 FORMULATION OF THE SYSTEM MATRICES
6.3.1 Mass and Mechanical Stiffness Matrix
Equations (51) and (52) can be written in an equivalent matrix 
form as follows:
[*]{»} + tBHuJ = 0 (90)
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where [A] is the mass matrix of the conductor bundle
[B] is the mechanical stiffness matrix of the conductor bundle
The elements of the matrices [A] and [B] are as follows:
[A] =
V ( 1 " t  cosV  V  co srA
-m_,2 - r - cosY_ 
d  B mBA^  + d~ co srB)
"  (1+W - (W
+ Ii-
r - 2  -n
r  w /  oA
_ - (w C1+W  _ H 1
C\J
PQ
O
1
(91)
(92)
and the displacement vector {u} is given by: 
/
fu l = <
6.3.2 Aerodynamic Damping and Stiffness Matrices
Assuming simple harmonic motion for the modal displacements and 
considering the first antisymmetric mode, equations (59), (63), (75), (76), 
(83) and (89) give the total aerodynamic force acting on the upstream and 
downstream conductors of the bundle. The expression for the total 
aerodynamic force can be written in matrix form as follows:
FWA
WB
- * r  [ s ] W  [»]{*}
... (93)
where 2 is the conductor semispan.
jC2Matrices [S] and [D] represent the aerodynamic stiffness
and damping matrices respectively. The elements of matrices [S] and [D] 
are given below:
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511 = ”CLA0 ~ d (CMB0 + CMB6 COSWT + CMA0^ " 2 (CDA “ CDB^
~2 C^LA0 “ CLB0^ + 2 coswt CLB6
512 = °LA0 + d C^MA0 + CMB0 + CHB6^ + 2 C^DA ”  + 2 C^LA0 "  CLB0^
+ 2 CLB6
521 = "(CLB0 + COSWT CLB5^ + d (CMA0 + CMB6 COSWT + CMA0^ + 2 C^DA “
+ I (CLA0 " CLB0) " I COSU,T CLB6
522 = ^ CLB0 + CLB6^ " d ^ CMA0 + °MB0 + CMB6^ " 2 C^DA“ CDB^
~2 C^LA0 " CLB0^ ~ 2 CLB6
Aerodynamic Damping Matrix Elements
n = r  + r  + — fr + n s inwx. 1^ _ _ T. sinwx „
U11 DA LAJ3 d MAfi MBS wx J 2 LA3 2 wx ULB6
D = — C — — C12 d MB 6 2 LB 3
_  sinwx r  C ( r  „  sintoxx 1 1 sintox
21 tox LBS d 1 MA3 MBS tox ; 2 LA3 2 wx LBS
°22 = (CDB + CLBcP ~ d CMBJ3 + 2 CLB3
Aerodynamic Stiffness Matrix Elements
and the displacement vector 
{u} = mA
WB
6.3.3 The Equation of Motion of a Twin Conductor Bundle in Matrix Form
The equation of motion of the twin conductor bundle with all the 
mechanical and aerodynamic terms present can now be written in a matrix 
form as follows:
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[A]{U} + [F]{u} + ([B] + [E]){u} = 0  ... (94)
where [E] = ^  [S]
[p] = 2S : [D]
and matrices [A], [B], [S] and [D] are given in Sections (6.3.1) and
(6.3.2).
6.4 EQUATIONS OF MOTION FOR A TWIN BUNDLE CONDUCTOR DYNAMIC RIG
The spring arrangement of the dynamic rig for the twin bundle 
conductor is identical to that of the single conductor dynamic rig (Figure 
56). The mass and mechanical stiffness matrices were developed in a 
similar way as for the single conductor assembly. The aerodynamic forces 
acting on the twin bundle were developed in Chapter 5 and presented in 
equation (28). The equation of motion of the dynamic rig in a twin 
conductor arrangements can be expressed in the translational and rotational 
degrees of freedom as follows:
m
o - 1
8k
0 8ks'
= -S-p [s]
[D] 1 s W< .  >
1 “ S 0
j
)
~ 1 s
<
w
_  1 -s leJ
... (95)
where m = the mass of the twin conductor assembly
I0 = the polar moment of inertia of the twin conductor 
assembly.
The elements of matrices [S] and [D] are given in Section
(6.3.2). In the above equation the transformation
w.
< > 
WB
V.
“ S ... (96)
was necessary to transform the displacement vector from the transverse 
displacements of each conductor, wA and wg, to the displacement, w,0 of 
the centre of mass of the assembly.
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For the purpose of analysis equation (95) is written as follows
s' >
1 0 w +
<
0 1
*— - < >
s' '
w
<
0I. J
2 V &
2d [S] sp,
-sp,
f  'w
< >
0
L. J
- V 1 [D] sp.
-sp,
... (97)
where ££m
££
Io
8k
m
8ks‘
Equation (97) may be written as follows:
+ [R]{r} + C[KJ + [L]){r} = 0 ... (98)
where
[M] = “  1 0 . [*] = T  ID1 ’ *1 sp^
_  0 1 _ ^2 "SP2_
IIs 2ww
1o
. M  - t r  W s\i1
I
o 2w„0 _ _ y2 -sp2 ^
and {r} =
r \ 
w
0
6.5 SOLUTION OF THE EQUATION OF MOTION
6.5.1 Implementation in a Computer Program
Equation (94) describes the vibration of a twin conductor system. 
Assuming a solution of the form
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Xtu = u e o
(X2[A] + X[F] + [B] + [E]){uo} = 0  ... (99)
Solution of equation (76) gives 2n number of complex eigenvalues 
in n complex conjugate pairs of the form:
X = a ± ib ... (100)n n n K J
where n is the number of degrees of freedom. The real part of the 
eigenvalue represents the exponential change in maximum amplitude with time 
and the imaginary part represents the harmonic change of amplitude with 
time.
where both uQ and X are in general complex, equation (94) can be written
as follows:
A computer program was developed to solve the eigenvalue problem 
presented by equation (99). The method of solution examines the sign of 
the real part of the complex eigenvalues: positive real parts indicate an
unstable conductor and negative real parts indicate a stable conductor.
The imaginary part of the complex eigenvalues corresponds to the frequency 
of oscillation.
The quadratic equation (99) and the equation Xua = XuQ can be 
expressed in an equivalent form representing a linear eigenvalue problem of 
order 2n as follows:
1
o n
1
°
f  ''
u
o
>
_ _ - a “ 1 [ b + e ] I >
I
Xu
I °J
Xu
. . .  ( 1 0 1 )
Equation (101) is solved by a set of subroutines from the Harwell
library. The method calculates all the eigenvalues, but suitable
modifications have been made so that only the specified eigenvalues are 
given. The program also calculates the natural frequencies and the 
corresponding mode shapes for a given input configuration. The conductor
stability may also be expressed as a logarithmic deer ement 6^ , where 6^ is
defined as follows:
- 6.22 -
n 271 7^D n
a
where an and bn are the real and imaginary parts of the nth complex 
eigenvalue. Thus a positive 6n indicates a positively damped mode (i.e. 
amplitude decreases with time) whereas a negative 6n indicates an 
unstable mode (i.e. amplitude increases with time). The subroutine package 
used by this method is stored at the CEGB's mainframe computer and the 
program is run as a remote job from CERL.
Equation (98) which describes the motion of the twin conductor 
dynamic rig is solved in a similar way.
FIG. 57 STATIC AND DYNAMIC CONDITIONS OF A CONDUCTOR ELEMENT
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FIG.5S DYNAMIC POSITION OF A CONDUCTOR BUNDLE
G: composite centre of gravity of load conductor 
T: centre of torsion
7A: static angle of incidence of conductor A in windspeed V 
0A: torsional dbptacerrMnt of conductor A 
j3a : apparent angle of Incidence
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FIG. 59 DYNAMIC ANGLE OF INCIDENCE OF A TWIN CONDUCTOR BUNDLE
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FIG. 60 AERODYNAMIC ACTION ON A SECTION OF TWIN BUNDLEi
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CHAPTER 7
A THEORETICAL ANALYSIS OF THE DYNAMIC WIND TUNNEL RIG
7.1 INTRODUCTION
The 2-dimensional theoretical model of the wind tunnel dynamic 
rig assembled in one isolated conductor and a twin conductor bundle was 
developed in Chapters 5 and 6 respectively. In this chapter each dynamic 
model was employed in a theoretical analysis in order to predict regions of 
instability of the dynamic rig and ice shapes 1, 2 and 3.
Equations (28) and (98) were solved making use of the aerodynamic 
data which were obtained from the static wind tunnel tests (Chapter 4). In 
addition to the static test data, values of the wake coefficients for the 
downstream conductor were obtained from Counihan's results (1963).
Various values of angle of attack were considered and each case
was tested for the four windspeeds of the static tests: 8, 12, 14 and
18 ms"1. The investigation was mainly carried out in areas of angle of
attack which exhibited negative values of the Den Hartog term and large
3C^ 3 Cj^
positive values of -—  or -— .3a 3a
In addition to the aerodynamic data the mechanical properties of 
the rig assembly which were used in the theoretical analysis are given 
below:
Polar Moment of Area of Rig Assembly (Single conductor),
IQ = 0.04 m*.
Mass of Rig Assembly (single conductor), m = 2.43 kg.
The air density was assumed equal to 1.23 kg/m3, conductor 
diameter equal to 0.0286 m and conductor cross-section area equal to 
0.483 x 10“3 m2.
The stability criterion was the sign of the logarithmic decrement 
Sn. As the angle of attack varies the corresponding vertical and 
torsional natural frequencies of the assembly change slightly whereas 
negative values of Sn indicate instability.
7.2 PRESENTATION OF THEORETICAL RESULTS
The motion of the wind tunnel dynamic rig in isolated or twin 
conductor bundle was described by the matrix equations (28) and (98)
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respectively. Two degrees of freedom, the vertical and the torsional 
displacements w and 0, were considered. The equations of motion appear 
coupled through stiffness and damping aerodynamic terms which appear as 
off-diagonal elements in the stiffness and damping matrices. The equations 
show that possible instabilities may originate from two basic mechanisms: 
the first, known as the Den Hartog mechanism is the result of instability
8CLin the vertical degree of freedom. It may occur when the term (-—  + C )
dCC JJ
becomes negative or the gradient of the lift force is negative and greater 
than the corresponding drag force. The second mechanism depends on the
3Cmsign and value of -— .
dCC
1 2In equation (27) the stiffness term (- ^Ma9  ^ a c t s as a
9Cmnegative spring. Large positive values of -—  can result in
dCC
torsional/vertical frequency coalescence and a torsional/vertical flutter
type of instability. The case of torsional divergence is also a
2 1 2possibility (equation 27) where, on limit, Wq =  ^ C^a*
9CLIn equation (98) the den Hartog term (g^“ + Cp) appears in the
main diagonal of the aerodynamic damping matrix for each of the conductors
of the twin bundle. The torsional frequency mainly depends on the term
2 3CM(Wg - ) of the aerodynamic stiffness matrix. High values can
lead to a reduction in the torsional frequency and a possible
torsional/vertical frequency coalescence. However, because equations (28)
and (98) are aerodynamically coupled it is not possible to stipulate the
behaviour of the system.
To examine the effects of the coupling terms and the possible 
instabilities it was necessary to solve an eigenvalue problem using 
computer programs as was described earlier in Chapter 6. The solution took 
the form of a search for angles of attack for which the conductor exhibited 
instability.
The program predicted two natural modes of oscillation: a
predominantly vertical mode and a predominantly torsional mode. Mechanical 
damping was neglected. Because of the strong aerodynamic present, each one 
mode exhibited displacement in the other degree of freedom.
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7.2.1 Upstream Conductor Results
Figs. 61 to 70 show the theoretical results for the upstream 
conductor in terms of the variation of the logarithmic decrement of the
vertical and torsional modes of Shapes 1, 2 and 3 for windspeeds of 8, 12,
14 and 18 m s'1. In general, (Figs. 61 to 68) the log-dec variation of the 
vertical mode of the wet snow accretions of Shapes 1 and 2 becomes modestly 
negative for a very limited range of incidence angles which can be seen to 
correspond to negative Den Hortog term values (Figs. 36, 44, 52). In 
comparison, the log-dec of the vertical mode of the freezing rain accretion 
of Shape 3 remained positive in the range of angles of attack examined.
In contrast, the range of angles of attack for which the log-dec 
of the torsional mode of Shapes 1, 2 and 3 exhibits negative values is 
extensive: for Shape 1 the log-dec of the torsional mode is negative for
51° (-20° to 30°) at 8 ms"1 for 68° (-27° to 41°) at 12 ms-1 and for
approximately 71° (-30° to 41°) at 14 and 18 ms"1. Comparative
observations can be made for Shape 2 with the log-dec of the torsional mode 
shown to be negative for a similar range of incidence angle. Figs. 69 and 
70 show the variation of the log-dec for Shape 3. The log-dec of the 
torsional mode is negative for a limited range of angles of incidence 
compared to the wet snow accretions.
The theoretical results for single conductor configuration have 
shown that the torsional mode of all three ice Shapes is potentially 
unstable for a larger range of angles of incidence compared with the 
vertical mode. However, purely torsional or purely vertical oscillation is 
unlikely to take place as the two degrees of freedom are strongly coupled 
through aerodynamic stiffness and damping terms. A potentially unstable 
torsional mode will, through coupling, induce vertical conductor motion and 
vice-versa. This will result in an oscillation which resembles a 
torsional/vertical flutter.
7.2.2 Downstream Conductor Results
Figs. 71 to 80 show theoretical results for the twin conductor
bundle dynamic rig in terms of variation of the log-dec of the vertical and
torsional modes with angle of attack. Ice Shapes 1, 2 and 3 were examined 
for a range of angles of attack and windspeeds of 8, 12, 14 and 18 ms"1.
The range of angle of incidence examined is shown in Tables 2, 3 and 4.
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In general, the results show the value of the log-dec of the
vertical mode to be negative for a wide range of angles of attack. In
comparison, the log-dec of the torsional mode is negative for a limited 
range of a.
For Shape-1, the range of angle of incidence for which the 
log-dec of the vertical mode is negative, increases with windspeed. A 
possible vertical instability could be present in the approximate range of 
a from -30° to 30° where the log-dec of the vertical mode appears 
negative.
Similar observations can be made for Shape-2 where the widest 
range of a with negative log-dec appears at 12 ms-1.
For Shape-3 instability may be present at both windspeeds of 14
ms"1 and 18 ms"1. The latter windspeed exhibits the widest range of a with
negative log-dec corresponding to the vertical mode.
The theoretical results for the dynamic wind tunnel test rig 
presented in this Chapter have indicated that instability may exist for 
both isolated upsteam conductor and twin conductor bundle configurations. 
The instability appears to exist over the range of angle of incidence of 
most interest to gallopping: for a in the range ±25° corresponding to
regions of high values of -r—  and -— , a condition which favours coupled
OCX doc
vertical/torsional oscillation (Simpson and Lawson, 1967).
The theoretical predictions of instability for the three ice 
Shapes will be compared with dynamic wind tunnel test results in order to 
assess the accuracy of the theoretical modelling.
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Table 2: Twin Conductor Bundle Angle of Attack Model 1
V = S ms"1 V = 12 ms" i v = 14 ms" i V = 18 ms* i
aA aB(deg) aA aB aA aB aA aB
-48 3 -49. 0 -48 3 -44. 0 -48 3 -46. 2 -48 .3 -48 3
-38 0 -40. 7 -38. 0 -34. 0 -38 0 -39. 0 -38 .0 -33 5
-30 0 -30. 7 -30 0 -30. 0 -30 0 -28. 6 -30 .0 -28 6
-20 0 -18. 1 -20 0 -24. 0 -19 5 -23. 7 -19 .5 -23 7
-15 0 -13. 9 -15 0 -15. 0 -14 6 -14. 6 -14 .6 -14 6
0 90 6.0 0 0 6.0 0 9 0.9 0.9 0 2
10 8 15. 7 10 8 12.0 10 8 16.4 10.8 16 4
27 0 27.0 27 0 31.0 27 8 27.0 27 .0 27 0
41 0 42.0 41 0 42.0 41 0 42.0 41 .0 41 0
51 0 51.0 51 0 56.0 51 0 49.0 51 .0 51 0
Table 3: Twin Conductor Bundle Angle of Attack Model 2
V = 8 ms"1 V = 12 ms - i V = 14 ms - i V = 18 ms - i
aA aB(deg) aA °cB aA aB aA aB
-44 1 -44.8 -44. 1 -44 .1 -44 0 -43 .0 -44 -43
-38.5 -38.5 -38.5 -39 .2 -38 5 -38 .5 -38 .5 -38 .5
-33.5 -33.5 -33. 5 -32 .8 -33 5 -33 .5 -33 .5 -33 .5
-28. 6 -27.9 -28. 6 -30 .7 -28 6 -28 .6 -28 .6 -33 .5
-25. 1 -21.6 -25. 1 -26 .5 -25 6 -22 .0 -25 -23
-23. 0 -21.6 -23. 0 -22 .3 -23 0 -22 .0 -23 -23
-21. 6 -21.6 -21. 6 -22 .3 -18 8 -17 .4 -21 .6 -14 .0
-18. 8 -16.7 -18. 8 -18 .1 -15 0 -17 .4 -18 .8 -8 .2
-15. 3 -16.7 -15. 3 -16 .0 -9 6 -7 .5 -15 .3 -4 .0
-9.6 -10.3 -9. 6 -11 .7 -4 0 -7 .5 -9 .6 -1 .0
-4.0 -5.4 -4. 0 -5 .4 0 9 0.2 -4 .0 6.5
0.9 0.2 0.9 0.2 6 5 10.7 0.9 10.7
6.5 5.8 6.5 10 .7 12 8 15.7 6.5 15 .6
12.8 10.1 12.9 19 .2 17 8 22.7 20.6 35 .4
17.8 15.7 17.8 24 .1 20 6 22.7 22 .7 35 .4
24. 7 25.5 29.0 30 .4 29 0 31 .0 29 .0 35 .4
29.0 31.8 29 0 40 .3
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Table 4: Twin Conductor Bundle Angle of Attack: Model 3
V = 14 ms"1 V = 18 ms"1
aA(deg) aB aA aB
-42 -41 -42 -41
-30 -31 -30 -31
-20 -20 -20 -20
-11 -10 -11 -10
0 0 0 0
10 9 10 9
20 21 20 21
28 30 28 30
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CHAPTER 8
DYNAMIC WIND TUNNEL RIG
8.1 INTRODUCTION
A method of measurement of the aerodynamic characteristics of 
iced conductors using a static wind tunnel rig was described in Chapter 4. 
The aerodynamic data obtained from the static wind tunnel rig measurements 
were employed in the two-dimensional theoretical model of a dynamic wind 
tunnel rig in single and twin conductor bundle arrangements (Chapter 7) in 
order to predict galloping instabilities for a range of wind speeds and 
angles of attack.
In this Chapter wind tunnel tests of the dynamic rig are 
described. The dynamic tests were carried out in single and twin conductor 
configurations for the same range of angles of attack and wind speeds as in 
the theoretical analysis. The wind tunnel experimental results will be 
compared with the theoretical predictions of Chapter 7.
8.2 DESCRIPTION OF THE DYNAMIC WIND TUNNEL RIG
Figure 81 and 82 show photographs of the single and the twin 
bundle conductor arrangements of the wind tunnel dynamic rig. When 
modelling either the single or the twin bundle conductor the identical 1 m 
long, rigid models of iced conductors used for the static measurements were 
employed. The models were fixed to narrow end plates and the assembly was 
suspended vertically in the wind tunnel working section from a 3 mm 
diameter steel cable, approximately 5 m long which passes through the wind 
tunnel roof and is fixed to steel work supporting the laboratory roof. The 
model hangs in the centre of a framework to which is connected by sets of 
springs attached to each end plate. Pairs of transverse springs provide 
lateral and torsional stiffness and single springs provide longitudinal 
stiffness. By carrying the weight of the models on a long cable, very low 
spring stiffness can be used without incurring very large static deflection 
under the model's weight. This allows the model to have natural 
frequencies falling within the full scale galloping range and ensures 
correct modelling of the reduced velocity parameter, V/fC, where V is the 
windspeed, f the natural frequency and C is the conductor diameter.
The separation between the transverse springs could be varied 
longitudinally to vary the model's torsional frequency; this allows the 
ratio of the transverse frequency-corresponding to the vertical frequency 
of a transmission line - and the bundle torsional frequency to be varied. 
This is a most important parameter (Simpson and Lawson, 1967) since it
- 8.2 -
controls the effect of coupling between the vertical and torsional modes of 
a conductor, fundamentally affecting the types of instability which are 
possible. In addition, weights could be added to the end plates. A 
typical transverse frequency for the twin bundle was 1 Hz with the 
longitudinal frequency in the range 1 to 1.3 Hz. The blow back angle of 
the twin conductor arrangement was simulated by rotating the turntable of 
the wind tunnel.
When setting up the spring and weight positions, care was taken 
to ensure minimal mechanical coupling between the longitudinal, transverse 
and torsional degrees of freedom at zero windspeed: this was done by
setting the model in motion in each d.o.f. in turn and checking that motion 
in one of the other d.o.f.s was not generated. In order to maintain 
orthogonality of the spring system under the wind-on drag force, the model 
was offset in the upstream direction by adjusting the longitudinal spring 
tensions. The end plates and spring systems were enclosed as far as 
possible to minimise end effects.
8.3 DYNAMIC MODEL TEST PROGRAMME
Wind tunnel tests have been carried out on single and twin bundle 
configurations using the three ice shapes. The wind-off transverse 
frequency of models was 1.0 Hz and the torsional frequency 1.03 Hz. A 
series of tests was conducted on each ice shape in which the angle of 
attack of the shape was varied over the range ±90° in the twin conductor 
tests the angle of attack of both the upstream and downstream conductors 
were set to the same angle within this range and the wind tunnel turntable 
was rotated to provide the appropriate lateral offset simulating blow-back. 
The windspeed range over which any instability was observed was then 
determined.
For all three ice shapes, instabilities of the coupled 
transverse/torsional type - equivalent to vertical/torsional galloping of a 
real line - were established, in some cases with a very high growth rate.
In all cases, the frequency of the instability was 1.0 Hz indicating that 
the wind-off torsional frequency had been reduced. No mainly vertical or 
mainly torsional modes were established. The torsional motion appeared to 
be approximately in-phase with the vertical motion (Fig. 83) but 
instrumented tests will be needed to establish this phase angle reliably.
- 8.3 -
8.4 DYNAMIC TEST RESULTS
The stability of the models at the four windspeed values used in 
the static tests is given in the tables below for those angles of attack 
where instability was found. It can be assumed that instability would have 
occurred at intermediate angles within the ranges shown; outside these 
ranges no instabilities were found. The values of angle of attack must be 
treated as approximate at present because of the effects of the wind loads 
on the model's static position and allowance for the turntable angle.
The dynamic results underline the ease with which iced single and 
twin bundles gallop, in so far as all three ice shapes were found to be 
unstable under test conditions which approximate to full-scale. It should 
be noted that the frequencies involved, being of order 1 Hz, are several 
times those encountered at full-scale and this might be expected to 
increase the windspeed needed for instability. Against this, the wind-off 
ratio of torsional to vertical frequency was small, 1.03, and this would 
encourage instability.
Both single conductor and twin conductor bundle exhibited strong 
transverse/torsional instability for all three ice shapes in the 
approximate incidence range ±25° for this frequency ratio tested. The 
instability modes were apparently all of a similar nature and, for the most 
part, occupied the positive lift curve slope/moment curve slope position of 
their characteristics.
It is striking that all three models were unstable over the range 
of incidence around 0° for which the Den Hartog term is strongly positive 
although, in the case of Shape 2, small ranges of negative Den Hartog term 
were included. The most likely cause of the observed instability would 
appear to be a flutter with the positive slope causing the torsional 
frequency to reduce and coalesce with the transverse frequency. Suitable 
phasing of the transverse and torsional motions would then allow energy 
extraction from the wind to occur.
8.5 COMPARISON OF THEORETICAL AND DYNAMIC RESULTS 
8.5il Single Conductor
The theoretical and dynamic test results for the single conductor 
can be compared using table 8.5 and figures 61 to 70. The log-dec of the 
torsional mode is shown negative (figures 61 to 70) for a range of angles
- 8.4 -
of incidence, denoting instability, while for the same range of angles the 
log-dec of the vertical mode is positive. During the single conductor 
dynamic tests it was observed that torsional instability started first and 
induced lateral conductor movement because the two degrees of freedom, 
torsional and lateral (vertical), are strongly coupled. When interpreting 
the theoretical results it can be assumed that galloping will occur if 
either the torsional or the vertical degree-of-freedom exhibit 
instability.
Figures 61 to 64 show regions of instability for shape-1. It is 
shown that the range of instability widens as the windspeed increases. 
Figures 65 to 68 show instability regions for shape 2. It is the torsional 
mode which becomes unstable. Finally, figures 69 to 70 show instabilities 
for shape 3. In general, comparison of the theoretical and dynamic test 
results of the single conductor show good agreement: both results exhibit
instability in the incidence range ±25°. However, when comparing the two 
sets of results, certain discrepancies were also observed. For example,
for shape 1, at 8 ms-1, figure 61 shows an instability range of -20° to
30°. The corresponding dynamic test results show instability for angles of 
incidence close to 0°. In general, the differences between the two sets of 
results occur at the lowest windspeed of 8 ms*1‘and in the case of shape-2
for windspeed of 12 ms-1.
It is believed that inadequacies in the design of the dynamic 
test rig was the main reason for the differences between the results: 
mechanical damping was introduced through the supporting springs which 
rubbed against the end wooden panels. Modifications to the design of the 
dynamic test rig are now completed.
8.5.2 Twin Bundle Conductor
The theoretical and dynamic test results for the twin conductor 
bundle can be compared studying table 8.6 and figures 71 to 80. The 
log-dec of the vertical mode is shown negative, a different observation 
than in the case of the single conductor where it was the torsional log-dec 
which exhibited negative values. It is expected, because of coupling 
between the lateral (vertical) and the torsional degrees of freedom, that 
vertical motion will induce torsional motion of the conductor.
- 8.5 -
Figures 71 to 74 show regions of instability for shape-1, figures 
75 to 78 show regions of instability for shape-2 and figures 79 and 80 show 
instabilities for shape-3. Comparison between theoretical and dynamic test 
results show poor agreement for windspeed of 8 ms-1 and good agreement for 
the higher windspeeds. This can be attributed to the friction damping 
present in the dynamic test rig as was explained in section 8.5.1.
This initial test of the method of analysis by comparison between 
the theoretical and dynamic test results was necessary in order to gain 
confidence in the theoretical model. Since this confidence has been 
established, the initial analysis can now form the basis upon which a more 
sophisticated three dimensional aeroelastic theoretical model of a detailed 
conductor multispan can be developed.
- 8.6 -
Table 8.5: Single Conductor Dynamic Rig Test Results
Ice Shape
Angle of 
Attack, a°
Windspeed VCms"1)
8 12 14 18
-20
-10
0
10
20
i
-20
-15
-10
0
9
13
20
30
-20
-15
-10
0
10
15
20
j
Bold lines indicate the range of instability.
- 8.7 -
Table 8.6: Twin Conductor Dynamic Rig Test Results
Ice Shape
Angle of 
Attack, a°
Windspeed, VCms"1)
8 12 14 18
-20
-15
-10
0
10
15
20
1
-33
-30
-25
20
30
35
2
-20
-10
0
10
20
3
Bold lines indicate the range of instability.
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CHAPTER 9
A THREE DIMENSIONAL AEROELASTIC THEORETICAL MODEL OF AN 
OVERHEAD LINE CONDUCTOR
9.1 INTRODUCTION
The aerodynamic characteristics of three real ice Shapes have 
been measured in a wind tunnel using a static rig. The aerodynamic data 
were employed in a two dimensional theoretical model and theoretical 
predictions of the range of galloping instability were obtained. The 
theoretical predictions were compared with dynamic test results and good 
agreement was achieved which indicated the level of accuracy of the 
theoretical modelling. In this Chapter the two dimensional theoretical 
conductor model forms the basis for developing a more sophisticated three 
dimensional theoretical model of a multispan overhead line. The new 
conductor model allows for the aeroelastic properties of the line and uses 
the finite element method to calculate modal frequencies, mode' shapes and 
logarithmic decrements for each ice Shape. This theoretical analysis will 
be used to identify the relative importance of the various aeroelastic 
terms and the effect of any control devices to the galloping instability.
9.2 THEORETICAL MODELLING OF OVERHEAD LINE CONDUCTORS USING FINITE 
ELEMENTS
The vibration of overhead line conductors has been investigated 
previously: Thomas and Wilson, 1972; Koutselos and Tunstall, 1979;
Hrundey, Cowper and Lindberg, 1973; Simpson, 1966. These early 
investigators employed straight, axially loaded beam finite elements to 
model the vibration characteristics of catenary shaped overhead lines.
At the Central Electricity Generating Board the structural 
dynamics program VOSTAN (Fricker, 1984) has been used extensively to model 
the vibration characteristics of overhead lines employing straight finite 
elements. Results of calculations of the natural modes and frequencies of 
vibration of catenary-shaped conductors has indicated that the calculation 
of the lateral and transverse natural modes and frequencies were accurate 
while that of the the torsional modes were not. This meant that although 
straight beam finite elements could be used to model accurately the lateral 
and transverse vibration of the conductors, they were not the ideal 
elements for modelling the torsional modes: unless a very fine mesh was
used - at large computer time costs - the calculated torsional frequency 
was considerably higher than corresponding frequency values which had been 
obtained experimentally. Because of the high importance of the torsional
-  9 .2  -
characteristics of overhead lines to the study of conductor galloping and 
its control (Nigol and Clarke, 1974; Otsuki and Kajita, 1975; Nigol and 
Havard, 1978) an accurate mathematical model of the torsional aspects of 
the conductor was essential. This was achieved with the development of a 
new catenary-shaped, axially loaded finite element.
9.3 THE CATENARY FINITE ELEMENT
Overhead line conductors in static equilibrium take the shape of 
catenaries. Let us consider the set of co-ordinate axes Xi, y 1} Zi with zx 
being the vertical axis, yi the transverse and xt the horizontal axis,
(Fig. 84). The equation of a catenary with its origin at its lowest point 
is given by
Wx
zx = | . {cosh (-gi) - 1} ... (102)
where H is the horizontal component of tension and W the weight of the 
conductor per unit length. Let the new origin, 0, be at horizontal 
distance, -b, and vertical distance, a, from 0X. The equation of the 
catenary with respect to the new origin, 0, and the set of axes x2, y2 and 
z2 is then written
W(x - b)
(z2 + a) = y {cosh (----g--- ] - 1}
for x2 = 0 and z2 = 0 from (102) we have
a = ~ i £ cosh(
Hence
H r , W(X2 - b) . ,Wb.
z 2 ~ W [ cosh --h  “ cosh( j j - ) ]  • ( 103)
Rotating the axes x2, y2, z2 through an angle, a, about the y2 
axis, the equation of the catenary with respect to x, y and z (see Fig. 84) 
thus becomes
H r . W(x cos a + z sina + b . /Wb.-iz cos a - x s m  a = - [cosh-— -------- jj---------  - cosh (g-J J
(1 0 4 )
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The angle a (Fig. 84) which an element forms with the global axes, can be 
calculated from the static equilibrium equation as the mean value of the 
angle at the beginning and end of the respective element, i.e.
_ 1 fj. -1 ,Wb, ,  ^ -1 rW(b+£)ni
“ = 2 ‘ “ tan  [ H   H
where £ is the element length.
The two quantities a and b define the position of each element on
the catenary with respect to the global axes xx, y ly . These two
quantities are used for the mesh definition in the computer program. The 
set of axes, x, y and z will be referred to as the local system of axes of 
the catenary element. The length of the catenary element in its 
equilibrium position is defined as ds and its displacements in its dynamic 
position as u, v and w (see Fig. 85).
9.3.1 Energy Expressions
The stiffness matrix of the catenary finite element was derived 
from the potential energy expression of a catenary-shaped conductor. The 
derivation of the potential energy was based on the work by Hrudey, Cowper 
and Lindberg (1973). Bending energy was initially included in the analysis 
but was subsequently found to have negligible effect on the calculated 
frequencies and mode shapes. Self-damping of conductors was ignored, since 
this is very small at the range of frequencies associated with galloping. 
The equation of a catenary was used to describe the geometry of an overhead 
line conductor. This equation was transformed to a new set of co-ordinates 
so that the elements' local axes were identical to the local co-ordinates 
which are used in VOSTAN's straight beam element.
The total potential energy of the conductor is made up of 
gravitational potential energy, Vq , strain energy due to stretching,
Vs, and torsional potential energy, V-p. A similar approach for the 
derivation of the energy equations is followed as that adopted by Hrudey et 
al. and the final equation for the potential energy expression for each 
element is given by equation (105)
- 9.4 -
Z Z
V = I (T + EA) / (u* - W0')2 ds + i T / (w' + u0')2 ds
✓! + (g)2 0 - c||)2
♦ | T /  (v’)2 ♦ I GJ /  (i)2 — ^ - 5  ...(105)
A  + (g ) 2 ° 1 + <d£>
where T is the axial force along the conductor, constant along each
element, E the Young's modulus of the conductor, A the conductor
cross-sectional area, G the shear modulus of the conductor, J the torsional
constant of the conductor and u' denotes v' denotes etc. Fordx dx’
non-homogeneous conductors, such as ACSR, 'effective' values of conductor 
moduli must be used.
by
It is necessary at this point to introduce the quantity 0', given
, _ dztan0 = —dx
. -1  ,dz.or 0 = tan (^)
2
or t _ d z  1. 2 ,dz.2i + (s )
or 0 ff’ s (|T^
which is the rate of change of the slope of the conductor at point A, see 
Fig. 85. All CEGB lines, except in exceptional circumstances, are 
catenaries with sag-to-span ratio of •g or less. For such "shallow" 
catenaries, the above expression for the rate of change of the slope of the 
conductor can be approximated by 0* = W/H and thus equation (105) can be 
written as
I  n
V = - (T + EA). / (u1 - w ~)2 dx + | . / (w' + u ~ ) 2 dx +
o o
I /  (v')2 dx + /  (0')2 dx . ...(106)
o o
Equation (106) has an advantage over equation (105) in that the quantities
- 9.5 -
under the integral sign are relatively simple and therefore the integrals 
are easy to evaluate analytically. Element stiffness matrices have been 
derived from both equations (105) and (106) and the results obtained from 
each case were compared.
The kinetic energy of an element of conductor of length, £, is 
made up of translational kinetic energy and rotational kinetic energy. The 
effects of shear deformation and rotary inertia are ignored. The 
translational kinetic energy of the conductor is given by
Tt = | pA / (w2 + v2 + u2) ds = | pA / (w2 + v2 + ii2) /I + (^|)2 dx
... (107)
and the rotational kinetic energy of the conductor is given by
Tr = § Pi / (0)2 /l + (jf)2 dx ...(108)P o
where p is the mass density of the conductor and Ip the second polar 
moment of area of the conductor cross-section.
For shallow catenaries the kinetic energy of the conductor can be 
approximated to
£ £
T = ^ pA. J (w2 + v2 + u2) dx + -| pi f  (9)2 dx ... (109)
o F o
9.3.2 The Catenary Finite Element Formulation
Consider the (i, i+l)th, element of the conductor with two 
terminal nodes 1 and 2. Both nodes have six degrees of freedom, three 
translational and three rotational. (Fig. 86). The displacement function 
for the vertical and horizontal degrees of freedom and their first 
derivatives with respect to x is assumed to be a cubic polynomial of the 
form
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r=3
8 55 I  er  ^
r=0
g = [N] {e}
or
... (110)
The deflection polynomial for the longitudinal and torsional d.o.f.s is 
assumed to be a linear polynomial of the form
8 = [L] {f} . . .  ( I l l )
Let the vectors of nodal displacement coordinates at nodes 1 and 2 be 
denoted by
/■
W1 > K , 2! = vi
w1 
< 1 
W2
> < V ' ?V2
W 2 
v. J
r  >
r
u2
and (0x1 „} =
I
exi , 
0X2 |
J
From equation (110), w = [N] [C-1] {W1 2}
where
[c_1]
Similarly from equation (111) u = ful,2l> where
t ? ' 1] = I 0
1 1 
£ £
Similarly v = [N][C_1] {vp^} and
ex = [ L ] [ r ‘ ] {0x1,2}-
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9.3.3 Potential Energy Expression in Matrix Form
The exact form of the potential energy equation given by equation 
(105) is transformed to matrix form. From equation (105) and substituting 
for the first derivative of the curvature, 01
,2 2
V = i  (T + EA) / (u ' ) 2 — — ±L-_  + i  (T + EA) . f  w2 dx ds
/ 1  + (g )2 -  „ [1 + (g )2]S/2
d z
- (T + EA) / u'w ---- —  , ds + £ /  (w’)2 ds
o r rdz. + o 2
[1 + cas> 1 a  + O
H 2 2 A 2.d z. d z
0 9 Q 9, T ft 2 dx , . m r . dx
+ 2 ■ f  U ----- - ~ F 5/2 ds + T / w “ ----- 7  2 3/2 dS
° U + <s> 1 ° [ i + O  1
- I  /  ( v 1) 2 ■ ds + I 1 /  ( e ; ) 2 ----- 5^— 2 . . .  ( 1 1 2 )
° j 2 ° 1 , /-dz.
/ . .  $  ■ * w
Equation (112), in matrix form, is given by
V = {q}T[K] {q} ... (113)
where [K] is the element stiffness matrix corresponding to the displacement 
vector {q}. The vector {q} for the (i,i+l)th element, i = 1,2,3,..., is 
given by
T T{q} = fw. w* . w . wf _ v. v 1. v.,1 v' , u, u.^, 0x. ,1 J 1 i i 1+1 i+1 i i i+l i+l i l+l i i+lj *
The displacement vector used in VOSTAN employs six degrees of
freedom at each node, three translational and three rotational, with nodal 
displacement vector [u v w 0x 0y 0z]T, see Fig. 87. The displacement 
vector used in the present analysis was transformed to be identical with 
the VOSTAN vector. The catenary element stiffness matrix was therefore 
pre- and post-multiplied by a suitahle transformation matrix, T.
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Equation (113) can be written 
V = (r}T [kl] {r} 
where {r} is the VOSTAN displacement vector given by
fr}T = {u. v. w 0x. 0y, 0z. u . . .  v w. . .  0xlj7 By.,- i = l , 2 , 3 . . .1 } *■ _i i  i  i  i  i + I  i + 1  i + I  i + I  J i + 1  i + I  J ’  ’  ’
The kinetic energy expression given by equations (108) and (109) 
can be written in matrix form to correspond to the VOSTAN displacement 
vector {r}. The kinetic energy equation is then written
T = fr}T[M] [fj
where [M] is the element mass matrix.
The Catenary Finite Element is entirely comparable with any other 
element used in VOSTAN. The mass, stiffness and damping matrices of a 
single or multispan line are formed by first calculating a mass matrix, a 
stiffness matrix and a damping matrix for each individual element. The 
element matrices are then assembled together to produce the matrices for 
the complete system. The natural frequencies and mode shapes of the 
structure can then be found by solving the resulting eigenvalue problem.
9.4 A BRIEF DESCRIPTION OF VOSTAN
VOSTAN (Fricker, 1984) is a computer program for the small 
displacement dynamic analysis of linearly elastic strutures. The program 
uses the finite element displacement method to analyse three-dimensional 
structures of arbitrary geometry. The VOSTAN element library contains a 
range of beam, plate and three-dimensional solid elements, all of which can 
be aribtrarily orientated in space.
VOSTAN is used quite extensively within the CEGB, and also by 
some outside users, for the analysis of vibration problems. Examples of 
plant items analysed by VOSTAN include: boiler tubes, generator and motor
end-windings, overhead lines, turbo-generator foundations, steel 
frameworks, pipework systems, turbine shaft lines, turbine blades and 
chimneys.
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A structure is analysed in VOSTAN by representing it by an 
assemblage of discrete finite elements connected together at certain points 
called nodes. The coordinates of the nodes are specified as input and the 
element geometry and inter-element connections are defined by specifying 
which nodes lie on the boundary of each element. VOSTAN assumes that there 
are six degrees of freedom (dof) per node (three displacements and three 
rotations) although certain elements, such as the solid isoparametric 
elements, only use the three displacements as nodal dof. In general, any 
combination of elements can be used to represent a structure, although some 
care must be taken if elements with different numbers of dof per node are 
mixed.
The stiffness and mass matrices for the structure are formed by 
first calculating a stiffness matrix and a mass matrix for each individual 
element. The element matrices are then assembled together to produce the 
matrices for the complete system. The natural frequencies and mode shapes 
of the structure can then be found by solving the resulting eigenvalue 
problem.
9.5 THE FINITE ELEMENT MESH OF A THREE-SPAN SECTION OF TWIN CONDUCTOR 
BUNDLE
The vibration characteristics of a three-span section of a twin 
conductor bundle was investigated using the finite element method. This 
line is part of a North Western Region six span section of twin conductor 
between towers ZP375 and ZP381. The section details are given below:
Tower No.
Span lengths 
Tension at 0°C 
Conductor
Bundle
ZP375 to 381 (double circuit, lattice towers)
329, 328, 290, 355, 450, 209 m
26.2 KN; sag: 6.35 m in span 377-378
zebra ACSR (54/7/3.18 mm; 28.62 mm diameter 1.712
kg/m
0.305 m horizontal spacing except at tension sets 
(towers 375 and 381) where the bundle opens out to
0.406 m.
The section is of particular importance to CEGB because of its 
bad history of galloping. Its ready accessibility during bad weather 
conditions has made it suitable for field trials of galloping control 
devices: pendulum detuners have been installed on the middle phase of the
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six span section following the recommendations for pendulum specifications 
given by Ontario Hydro (Havard, 1979). Every effort has been made to 
monitor the performance of these sections during galloping conditions using 
automatic video cameras.
Only three spans of the section were analysed each time in order 
to reduce computer time costs. The middle of the three spans was modelled
in detail while the adjacent spans were included to provide the correct end
conditions. The insulators at the start and the end of the three-span
section were treated as tension insulators while the middle span was
supported by suspension insulators. Mechanical damping was ignored in this
application. The profile of the catenary and its distribution of tension 
were first determined by the CERL program TENSAG (Cooke and Reddick,
1975).
TENSAG performs an iterative solution of the elastic shallow 
catenary equations taking into account any point loads and uniform or 
non-uniform distributed loads. The resulting profile was used to generate 
the basic mesh for VOSTAN.
A combination of catenary and straight finite elements were used 
in VOSTAN to provide a most realistic model for the conductor spans and 
related hardware. The conductor spans were modelled using the following as 
necessary:
1. All conductor elements are subject to axial load (tension) which 
varies from element to element, as determined by TENSAG.
2. The twin bundle conductor is carrying spacers. The spacers are 
modelled using straight beam elements, lumped masses and moments 
of inertia and, where necessary, lumped springs to represent 
spacer arm stiffnesses.
3. Insulators are modelled as pin-ended, tensioned beams. Lumped 
springs are applied at the earthed ends of a suspension insulator 
to model the gravitational effect which is generated from the 
weight of the adjacent spans. The yoke plates as the live ends 
of the suspension insulators are modelled using straight beam 
elements. -
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4. Depending on the ice profile, eccentric ice shapes produce 
eccentric torque on the conductors. These will tend to rotate 
the conductor and the extent of the rotation depends on the 
weight and the eccentricity of the ice. The effect of the ice 
weight and eccentricity was modelled using a uniformly 
distributed mass and lumped torsional springs.
5. Any aerodynamic stiffness and damping matrix elements which 
represent the aerodynamic forces and moments applied on the 
conductor can be added to the corresponding mechanical matrices 
using a special facility provided in Vostan.
6. Any control devices can be modelled using a number of lumped 
parameters and suitable constraints. Detuning pendulums are 
modelled as modified spacers. The gravitational stiffness effect 
of the pendulum is caused by its own weight when deflected and it 
is represented by a torsional spring. In order to reduce the 
number of nodes associated with a pendulum, equivalent masses, 
moments of inertia and torsional springs are distributed 
symmetrically at the nodes of the elements where pendulums are 
located.
The mesh of a typical twin conductor bundle is shown in Figure 
88. A multi-span section can in principle, be built up from a series of 
such spans. The end conditions of a span are very important to the 
accuracy of the model. Care should be taken to ensure that the suspension 
insulators at the ends of the span are correctly modelled. This will allow 
adjacent spans to interact through the insulators. The interaction between 
spans can seriously influence the natural mode of a span.
A Fortran program was written to produce the finite element mesh 
of the three span section. A full description of the structure of the 
input data to VOSTAN can be found in the user's manual (Fricker, 1984).
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9.6 A COMPARISON BETWEEN THE STRAIGHT BEAM ELEMENT AND THE CATENARY 
ELEMENT
9.6.1 Convergence Characteristics: Straight Beam Element
A 250 m single ACSR zebra conductor and a 450 m twin ACSR zebra r 
spans were modelled using straight beam elements. The mechanical data used 
in the theoretical calculations in single and twin bundle conductors are as 
follows:
A = 0.4838 x IO"3 m2
I = 0.45 x 10"7 m'1P
I = 0.1 x IO"8 m“
J = 0.2 x 10"8 m
where Density of the Conductor Material p = 3539 kg m“3 
Conductor Tension T = 26.22 kN 
Conductor Young's Modulus E = 7.73 x 1010 Nm"2
Conductor Cross-Section Area A = 0.4838 x 10"3 m2
Conductor Polar Moment of Area Ip = 0.45 x 10"7 m4 
Conductor Flexural Moment of Area I = 0.1 x 10"8 m4 
Conductor Torsional Constant J = 0.2 x 10"8 m4.
When the frequencies of the 250 m span were calculated using straight beam 
finite elements, it was found that the vertical and horizontal frequencies 
converged quickly to their corresponding theoretical values, Figures 89 and 
90. However, the convergence of the torsional frequency was very slow.
Even when the number of elements per span was increased to seventy, at the 
expense of computer time and storage, the frequency was found equal to 
1.819 Hz i.e. 49% in error compared with the theoretical torsional 
frequency of 1.221 Hz.
The theoretical torsional frequency for a single shallow catenary was
1 G Jcalculated using the stretched string formula, “  where, s is
2,2 P Pw agiven by the expression s = 2(1 + --- ), and 2 is the length between the
24T
conductor support points. The theoretical vertical frequency for the 
fundamental mode of vibration of a catenary was calculated using Simpson's 
formula (Simpson, 1966). The fundamental horizontal frequency was 
calculated using the stretched string formula for lateral modes of
1 Tvibration, f^ = ^ where M is the mass of the conductor span.
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9.6.2 Convergence Characteristics: Catenary Elements
The vertical, horizontal and torsional frequencies of the 250 m 
span were calculated using catenary elements based on the exact stiffness 
matrix derived from equation (112). In Figure 90, the convergence of the 
vertical frequencies was found to be slower than in the case of the 
straight beam elements. However, the fundamental vertical frequency 
precisely converged to the theoretical value when twenty elements per span 
were used. The torsional frequency converged rapidly, with an error of the 
order of 1% when six elements per span were used, see Figure 91. Table 5 
shows a comparison of results obtained using the exact stiffness matrix 
based on equation (112) and the approximate stiffness matrix for a shallow 
catenary based on equation (106) . In each case twenty elements per span 
were used. It can be seen that the error involved using the approximate 
expression is negligible.
9.6.3 Natural Frequencies of a Twin Conductor Bundle Using Straight 
and Catenary Finite Element
The 450 m span of the six span twin section in North Western 
Region which is being used for the trial of pendulum detuners in an attempt 
to reduce the amplitudes of galloping oscillations was investigated. The 
span was modelled in detail using both straight and catenary elements; 
twenty elements per span were used. The contiguous spans of 355 m and 
209 m were modelled in less detail to reduce the computer cost but provide 
the correct end conditions. The CERL dynamics program VOSTAN was used as a 
basis for this work.
The 450 m span was modelled in detail as follows: Conductor
elements, straight or curved, were subjected to axial load which varied 
from element to element as determined by the CERL program TENSAG which 
performs an iterative solution of the elastic shallow catenary equations 
taking into account any point or distributed loads. Spacers were 
represented by straight elements, lumped masses and moments of inertia, and 
where necessary, springs to model spacer arm stiffness. Finally, 
suspension insulators were modelled as pin-ended, tensioned straight 
elements. Torsional springs were applied at their earth ends to model 
their gravitational stiffness. The yoke plates, at the live ends of the 
insulators were modelled by straight elements. A list of natural 
frequencies of a 250 m single Zebra conductor is given in Table 7. The 
frequencies were obtained using the exact and the approximate solution
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methods. It can be seen that because of the conductors geometry (shallow 
catenary) the approximate solution method gives accurate results.
Table 7: Frequencies Using Exact and Shallow Catenary Approximate
Solutions for Zebra Conductor.
Sag to Span Ratio 0.02
Frequency Hi H 2 h 3 Vi v 2 v 3 Hi Ra
Exact Solution 0.2502 0.5004 0.7506 0.4825 0.5015 0.7725 1.2210 2.4501
Approximate 0.2504 0.5007 0.7509 0.4828 0.5018 0.7731 1.2210 2.4501
% Difference 0.08 0.06 0.04 0.06 0.06 0.08 0 0
Table 8: Frequencies for Twin Bundle Conductor: Straight and Catenary
Elements
Frequency
(Hz)
Straight Beam 
Element
Catenary
Element
% Difference
Hi 0.1311 0.1311 0.00
h 2 0.2581 0.2576 -0.19
h 3 0.3946 0.3928 -0.46
V i 0.1649 0.1691 +2.55
v 2 0.2739 0.2773 +1.24
v 3 0.3938 0.4019 +2.06
Hi 0.2740 0.2432 -12.66
r 2 0.3351 0.2909 -15.19
r 3 0.4296 0.4176 -1.87
It was expected from the results already obtained for the single 
conductor that there would be very little difference between the values 
calculated using the straight element and the catenary element as far as 
horizontal and vertical frequencies were concerned. This was indeed found 
to be the case: A 450 m twin conductor bundle was analysed and the results
are shown in Table 8. However the torsional frequencies differ 
considerably. This is because the torsional mode of the twin bundle is a 
combination of antiphase vertical motion and a rotation of the individual 
sub-conductors about their axes. It is this rotational component which 
cannot be correctly modelled by a straight beam as has already been shown 
in the case of a single conductor.
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9.6.4 The Torsional Mode-shape of a- Twin Conductor Bundle
Fig. 92 shows the one-loop torsional mode-shape of the 450 m span 
twin bundle, modelled with straight and catenary elements. It can be seen 
that when straight elements were used, the torsional mode shape of the 
fundamental frequency of the conductor appears to have discontinuities at 
the subspan mid-points, where spacers are attached, indicating very small 
torsional deflections. When the same conductor was modelled with catenary 
elements, the torsional response followed a smooth sinusoidal curve. The 
torsional frequencies and corresponding modes of vibration of an overhead 
conductor are especially important when the conductor is modelled to allow 
for effects of ice accretion and wind (Koutselos and Tunstall, 1979). When 
the torsional oscillation of the conductor is not correctly modelled, as in 
the case of straight beam elements, the effect of any lumped parameters in 
the finite element of ice and wind on the torsional behaviour of the 
conductor, becomes diluted.
The catenary finite element can be modified suitably to include 
aerodynamic data and will be employed in a later stage to predict the 
possible regions of aerodynamic instability of iced conductors.
9.7 AERODYNAMIC FORCES
9.7.1 Vertical Aerodynamic Force
In the development of the 2-D theoretical aeroelastic model of a 
twin conductor bundle the assumption was made that the torsional 
displacement of each conductor was equal to the bulk displacement of the 
bundle. This assumption, although true in the proximity of the spacers, it 
is not necessarily valid in the middle of a subspan. In the development of 
the three dimensional model the horizontal, vertical, longitudinal and 
torsional degrees of freedom have been considered and will be treated as 
structurally uncoupled except when the finite element constraints are 
applied.
The vertical aerodynamic force can be expressed in terms of the w 
and 8 dof for each of the conductors of the bundle. In the case of single 
conductor modelling, the upstream conductor formulation will be employed. 
Expressions for the vertical aerodynamic force for the upstream and 
downstream conductors of the bundle have been derived in chapters 5 and 6 
and are repeated here for reference:
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6FWA = - qCdxCLA - qCdx0ACLA8 ~ ^  (CDA + CLAa)wA
+ \ ^  % A  - < W V  \ ^  <CDA ' CDB>WB “ \ ^  H a 0  ' < W WA
- I ^  COSUT CLB6WA + I ^  (CLA0 - W wB ~ I  ^  CLB5WB
+ I ffCdx c ‘ _ 1 gCdx sinwx w _ 1 qCdx *
2 V LA3 A 2 V wx LB 6 A 2 V LBft B
n P H  v  * y
6FWB = qCdxCLB "qCdx0BCLB0 “ V C^DB + CLB0^WB + d CLB6WB
static
qCdx n J qCdx sinwx _- —  coswxC-_ pW. + +7-------- CTT}Xw.d LBo A V wx LB6 A
” 2 Hd ~  (CDA " °DB)wA + 2 ± dT~ (CDA " CDB)wB + 2 ^ T ~  (CLA0 ~ CLB0)wA
1 qCdx „_  _  C O S W T  C l b 6 W a
_ I qCdx ( 1 qCdx _ 1 qCdx .
2 d LA0 LB9 B 2 d LB S B 2 V LA$ A
, 1 qcdx sinwx , 1 qcdx _+ —• . ----- n •+• — *   (j uj2 V wx LB6 A 2 V LBp B
9.7.2 Horizontal Aerodynamic Force
The horizontal aerodynamic force acting on a length of conductor 
Sx of conductor A is given by
6FVA = ~ LA sin^A + DACOS0A
For small angles the above expression is simplified as follows
6fva ■ (- LA r  + V  • • ■ (U5)
where LA and DA are the lift and drag forces respectively applied on a 
conductor length dx and are given by
La = i  pv2c dx CLA(a)
Da = I pV2C dx CDA(a) '
-  9.17 -
w h e re  t h e  l i f t  an d  d r a g  c o e f f i c i e n t s  a n d f t )A ( a )  a r e  g i v e n. b y
e x p r e s s i o n s  ( 5 7 )  and  ( 5 8 )  r e s p e c t i v e l y .  S u b s t i t u t i n g  f o r  ^ ^ ( a )  an d  C ^ f t a )  
i n  ( 1 1 5 )  an d  i g n o r i n g  s e c o n d  o r d e r  t e rm s  th e  h o r i z o n t a l  a e r o d y n a m ic  f o r c e  
o f  c o n d u c t o r  A i s  g i v e n  b y
6 Fv a  =  qCdxCDA +  SC dx  ( - C LA  +  CD Ag )w A +  qCdx  CDA0 0A . . .  ( 1 1 6 )  
s t a t i c
The h o r i z o n t a l  a e r o d y n a m ic  f o r c e  on  c o n d u c t o r  B i s  d e r i v e d  s i m i l a r l y  b u t  
i n c l u d i n g  t h e  wake e f f e c t s :
6Fvb = qCdx CDE ♦ 3Cdx (_c^  + ^  -b + qCdxeBCDBe + 3 ^ 2  ^  ^  
s t a t i c
qCdx  _ , qCdx  s in w t  ~
-  + 3—  c o s  wt Cr.riQw A +  + 7  Cfor,* w Ad DB0 A V wx DBS A
. . .  ( 1 1 7 )
9 * 7 - 3  A e ro d y n a m ic  Moment
E x p r e s s i o n s  f o r  t h e  a e r o d y n a m ic  moment on t h e  u p w in d  and  dow nw ind
c o n d u c t o r s  h a v e  b e e n  d e r i v e d  i n  c h a p t e r  6  an d  p r e s e n t e d  b y  e q u a t i o n s  ( 6 7 )
an d  ( 6 8 ) .  The r e s u l t s  a r e  r e p e a t e d  h e r e  f o r  r e f e r e n c e :
2
6Ma = qc2dx CMA + qC2dx0A CMA0 + Cm  *A
s t a t i c
6Mg = qC dx CMfi + qC dx0g CMfi0 + q y - C ^  wfi + 2_-_ cMfi6 wg
s t a t i c
2 2 
qC d x  , qC d x  s in w T
“  —  c o s w t   C..-,* w A
d MB6 A V wt MBo A
9 .8  AERODYNAMIC STIFFNESS AND DAMPING MATRIX
The t o t a l  a e r o d y n a m ic  f o r c e  a c t i n g  on  a c o n d u c t o r  e l e m e n t  o f
l e n g t h  s i s  d e r i v e d  u s i n g  t h e  e x p r e s s i o n s  o f  t h e  a e r o d y n a m ic  f o r c e s  i n  th e
v e r t i c a l  and  h o r i z o n t a l  d i r e c t i o n s  an d  t h e  e x p r e s s i o n  o f  t h e  a e r o d y n a m ic  
moment. The s t a t i c  com pon en ts  h a v e  b e e n  i g n o r e d .  The e x p r e s s i o n  f o r  t h e  
t o t a l  a e r o d y n a m ic  f o r c e  i s  g i v e n  i n  m a t r i x  fo rm  a s  f o l l o w s :
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9.9 AERODYNAMIC STABILITY ANALYSIS OF A TWIN CONDUCTOR BUNDLE
9.9.1 Calculation of the Natural Frequencies of a Twin Conductor Bundle 
Without Effects of Ice and Wind
The 290, 355 and 450 m spans of the six-span twin conductor 
section of the North-Western Region line were investigated. The spans and 
hardware were modelled using a combination of straight and catenary finite 
elements. Only the 355 m span was modelled in the detail shown in Figure 
88. The contiguous spans of 290 m and 450 m were included but mainly to 
provide the correct end conditions. The computer time cost was 
considerably reduced this way. In the 355 m span analysis two elements per 
subspan (spacer to spacer) were used, a total of fourteen elements per 
conductor. The CERL dynamics finite element program VOSTAN and the 
catenary element subroutines were employed throughout the analysis.
The natural frequencies and corresponding mode shapes of the 
fundamental first and second harmonic, often referred to as the one, two 
and three-loop modes, are presented as are of the most interest to 
galloping. The letters, H, V and R refer to the horizontal, vertical and 
torsional modes respectively. Suffices indicate the number of loops in the 
mode. Results of the frequencies and mode shapes for the 355 span are 
given in Table 9 and Figures 93 and 94.
Table 9: Natural Frequencies of the 355 m Twin Bundle Conductor
Span (m) Frequency (Hz)
355
Hi vx Hi h 2 v2 r 2 h 3 v3 r 3
0.163 0.169 0.244 0.326 0.349 0.365 0.500 0.542 0.549
9.9.2 Aerodynamic Instability from Frequency Coalescence
The results of Table 9 indicate that the torsional/vertical 
frequency ratio of the uniced conductor in particular in the two and three 
loop modes, is naturally close to unity. In addition the positive values 
3CMof which act as a negative aerodynamic torsional stiffness will tend to 
reduce the torsional frequency of the conductor. This can be an important 
contributory feature to instability as it causes the torsional frequency to
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approach the vertical frequency even more, enhancing the coupling between 
these degrees of freedom. A mathematical demonstration of the possible 
instability through frequency coalescence is given by Ratkowski (1962) as 
follows:
The variation of the angle of attack can be caused by the 
conductor's own vertical motion and also by the torsional motion of the 
conductor. When the two motions are coupled, the total angle of attack a 
is given by (assuming small amplitudes)
and the variations in lift are given by
L = qCCLa (0 -  f> 
where q = |pV2.
If the vertical and torsional modes have the same frequency
w = w sin(wt)
0 = 0  sin(wt+0)
w = cow cos(wt)
where w and 0 are the amplitudes of the vertical and torsional mode 
respectively, to is the circular frequency of the oscillation and 0 a phase 
angle.
The lift becomes
L = qCCLa (0sin(wt +0) - ^ w cos(wt))
The work done by qCCT 0 sin(cot + 0) in each complete cycle is
T
E = f  0 sin (cot + 0).dw
o
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T dw
f 0 sin (wt + 0) dt
o
T
f ® sin(wt + 0) wwcos(wt)dt
o
T
/ qCC^ft {sin(wt) cos0 + sin0 cos(wt)}ww cos(wt)dt 
o
But / qCC^Oww cos (wt) sin(wt) cos0 dt = f  qCC^O ^ w sin(2wt) cos0 dt 
o o
T
= k: f  sin(2wt)dt 
o
= 0
(where *c is a constant)
Therefore the energy input to the system is by the 0-induced component of 
lift and is given by
T 2E = qCC^Oww sin0 / cos (wt)dt
o
= qCC^Bww sin0 f  ^ (2tA)t) dt
o
1 —- — qCC^a0ww Tsin0
= qCC 0Tfw sin0JjOC
w h e r e  w t  = 2 tt
In the above equation energy is added during each cycle if C^a sin0 > 0 and
7Tenergy is removed if CT sin0 <0. If 0 = yr and CL > 0  the maximum amountLa z La
of energy is added during each cycle:
W = §§ CT 0wwmax 2r La
7T IT • Tfwhen 0 = 2, 0 leads w by - but w leads w by  ^so, in the case of maximum 
power input, 0 and w are in phase and C^a >0. Of course these
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observations are true only in the case where no damping is present in the 
system. In the presence of mechanical or aerodynamic damping the phase 
angle between 0 and w will be different.
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THE USE OF DETUNING PENDULUMS TO CONTROL GALLOPING
CHAPTER 10
10.1 OBSERVATIONS OF GALLOPING AND CONTROL BY DETUNING PENDULUMS
10.1.1 Winter 1985/86
Observations of five galloping events were reported during the 
winter of 1985/86: three related to quad lines and two to twin lines.
There were, however, numerous other galloping faults on other lines which 
were not observed,
10.1.2 Quad Lines
North Wales: 4ZB Route (Deeside to Pentire)
The first event occurred in North Wales near the Isle of Anglesey- 
on 7 January, 1986. The weather conditions were as follows:
Windspeed: ^3 ms-1
Temperature: ,v0oC
Icing: Wet Snow
Galloping was observed in a 4 span section of the 4ZB line, with a 
peak-to-peak amplitude estimated at 7 m in a 2-loop mode. Driving snow, 
however, made observations very difficult. Nine trips occurred on one 
circuit and 11 on the other during a 90 minute period prior to the 
observations. Both circuits were left de-energised pending improvement of 
the weather.
Subsequently, a trip on the only other 400 kV in-feed to one of
the substantions led to the detachment of a nuclear power station from the
main system. The station was resynchronised with the main system after 17
minutes, during which time it supplied a local demand of 230 MW. The same
fault detached a pumped storage station from the 400 kV system for a 
similar period.
The Pennines: 4ZP Route (Rochdale to Bradford)
Galloping occurred on both circuits of the 4ZP quad route 
crossing the Pennine hills in North West England. The first faults 
occurred at 18.24 hours on 30 January 1986 and both circuits were
de-energised that night. The galloping continued on and off for some four
days. A video film of the galloping was made at mid-day on 1 February 
1986. Copies of this film have been distributed to some fourteen 
countries.
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The galloping affected about 70 spans, extending over 20 kms.
The cause of the icing was freezing cloud: snow had fallen the previous
day without any galloping. Only that part of the line at altitudes above 
approximately 300 m galloped - the maximum line altitude is 380 m.
The ice thickness during galloping, estimated from the video 
sequencies of the jumpers, was up to approximately 20 to 30 mm, 
single-sided and of a fairly triangular section. Temperatures during the 
day were around 0°C with windspeed in the range 8 to 22 ms-1.
The video shows the galloping to have been mostly 2-loop or mixed
1- and 2-loop modes; some 3-loop modes may also have occurred. In some 
suspension-suspension spans, very large amplitude 1-loop galloping occurred 
with peak-peak amplitudes exceeding the sag by about 10%. The up-lift 
forces caused by this motion flattened security clips in some of the cap 
and pin suspension sets and, in one case, a suspension unit became 
unlatched near the line end. The weight of two insulator discs, suspension 
hardware and arcing horns hanging on the conductors, caused the bundle to 
rotate through 180° at this point, which is probably the reason why the 
double length span did not gallop. The longest span in the line, a 696 m 
tension-tension span, did not gallop significantly, although the spans to 
either side did. Dynamic bundle rotation is evident in most video 
sequences.
No earthwires were seen to gallop. At one point- a 132 kV single 
conductor line runs parallel to the quad route. No galloping of the 132 kV 
line occurred.
Mechanical damage to the conductors was sustained at some 200 
locations, mainly caused by spacers with metal-to-metal clamps wearing 
through the aluminium layers to the steel core. Spacers with rubber-lined 
clamps did not cause damage. Conductors were pulled through suspension 
clamps and clamp trunnions were borken. 37 quad jumpers were broken or 
damaged by fatigue of the aluminium strands at the mouth of the compression 
joint. 27 line-end arcing horns either fell off or were loosened. 25 mm 
diameter landing bolts were bent and badly worn at most tension towers. 20 
towers had bolts missing: in general, the bolts had worked loose and
fallen out but, in some cases, the remaining bolts then failed in fatigue. 
All 8 bolts from the connecting plate at a K-bracing were lost on one
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tension tower, but the tower survived. Another tension tower suffered 
fatigue failure of a main leg and a bracing between the middle and top 
cross arms.
After the galloping ceased, low temperatures and icing conditions 
remained for some three weeks and the ice subsequently built up to some 
70 mm thickness. Repair work took 14 weeks.
South Wales: 4YU Route (Pembroke to Walham)
During the same period as the above events in the Pennines, the 
4YU route in South Wales galloped severely over some 50 spans, although the 
amplitudes were not as high as in the preceding case. Again, only the 
sections of the line crossing high ground - approximately 450 m above sea 
level - were affected. Weather conditions were as follows:
Windspeed: 8 to 11 ms-1
Temperature: -1 to -2°C
Icing: Freezing Cloud
The ice thickness was approximately 18 mm, single-sided.
No earthwires were seen to gallop.
The damage sustained was of a generally similar nature to that of 
the 4ZP line but was less extensive. However, because of loss of bolts, 
the earthwire peak above the top cross arm level of an angle tower failed. 
The route was returned to service after three weeks.
10.1.3 Twin Lines
Pendulum Detuner Test Site - The Pennines: ZP Route (Rochdale to
Bradford)
During 31 January 1986 an observation was made at the twin 
bundle, pendulum detuner test section on the ZP line, situated a few 
kilometres from the 4ZP line reported above. Pendulum detuners are 
installed on the top phase of one circuit, with the remaining five phases 
untreated. The treated phase was seen to be stable whilst the other phases 
were galloping in a 2-loop mode with an amplitude of approximately 2 m 
peak-peak.
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10.1.4 Winter 1986/87
Winter 1986/87 produced fewer galloping faults than the previous 
winter. Again, no faults occurred on the despacered twin lines. However, 
significant events occurred at two of the lines equipped with pendulum 
detuners.
The Pennines: 4ZP Route
Of the 70 spans to be equipped with pendulum detuners, 
approximately half had been treated on one circuit and a third on the 
other. The final section planned for treatment, 4ZP139 to 145, had 
pendulums on all three phases of the westerly circuit and on the centre 
phase only of the easterly circuit. An automatic video monitor which is 
triggered by insulator swing (Tunstall, 1987) was installed on tower 144: 
on detecting galloping the monitor transmits an alarm and initiates a 2 
minute video recording.
At 00.04 hours on 15 January 1987 the video monitor transmitted a 
galloping alarm to the District Office. It continued to send alarms at 
intervals for some 36 hours. Regrettably the video recording was found to 
be blank, probably as a result of ice formation over the camera window. 
However, the alarm resulted in ground patrols vising the site and 
observations of galloping were made on the morning of the 15th and 16th. 
Later on the 16th a video was recorded from the ground. Observations were 
generally concentrated on Section 139 to 145.
The weather conditions were as follows:
Windpseed: ^9 ms"1 on the 15th and early on the 16th but
lower,
^5 ms-1 during video recording 
Temperature: 'v-l°C
Icing: Clear ice caused by freezing rain,
approximately 13 mm thick.
The ice shape, based on the video frames of ice that had fallen 
from the line, is sketched in Fig. 95. The true shape of the ice on the 
line, in particular whether the areas indicated in Fig. 95 were present or 
not, is not known.
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Galloping in both 1-loop and 2-loop modes were observed at 
amplitudes up to 3 m peak-to-peak, coupled with pronounced bundle dynamic 
torsion of some 45°. On some occasions all phases, both treated and 
untreated, galloped; on other occasions the untreated galloped whilst the 
treated did not. On yet further occasions, the treated galloped whilst the 
untreated did not. On average, no benefit from the pendulums could be 
discerned. All these features are captured on the video although the 
windspeed by then was lower and the vertical amplitudes reduced to one half 
or one third of their earlier values.
One interesting event observed but not captured on the video was 
that the earthwire was also seen to be galloping.
Whilst no galloping faults occurred during these events, problems 
were experienced with the clamps of the new spacers carrying the pendulums. 
Some clamps came open, probably as a result of inadequate clamping loads, 
although the conditions could not subsequently be readily reproduced under 
trial conditions. Hinge pins also worked loose. As a result of the clamp 
opening, followed by loss of the rubber lining, the clamp severely damaged 
the conductor, wearing away the aluminium down to the steel core, and 
finally precipitated a conductor failure. Remedial measures to improve the 
clamps have been taken.
North Wales: 4ZB Route
Detuning pendulums were installed on all three phases of sections 
25 to 29 and 29 to 34 on one circuit 1. The intention had been to install 
them on the middle phase only of circuit 2 but insufficient outage time was 
made available so that only span 31-32, middle phase, was treated on this 
circuit.
Galloping faults occurred on the route on 7 March 1987 - four on 
circuit 1 and two on circuit 2. No observations were made and the 
automatic video monitor on tower 31 failed to operate because of an I.C. 
malfunction. However, line damage was subsequently identified in spans 
30/31, 31/32 and 33/34 of circuit 1 (pendulums on all phases), and in span 
32/33 of circuit 2 (no pendulums). In span 33/34 of circuit 1, flashover 
damage was found on the clamps of a pendulum detuner spacer on the bottom 
and middle phases.
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The maximum windspeed which can be logged by a small weather 
station on this section is 25 ms-1. The records show that the wind was in 
excess of 25 ms"1 throughout the fault period. The icing was caused by wet 
snow.
From the latter result it appears that either pendulum detuners 
do not work, or that the very high windspeeds on that occasion exceeded the 
range of conditions over which the installation could be expected to remain 
effective. This latter point can be investigated, making use of the 
aerodynamic data which has been obtained on wet snow accretions.
10.2 THE EFFECTS OF ICE AND WIND ON THE STABILITY OF A TWIN CONDUCTOR
BUNDLE
10.2.1 Curve Fitting Technique to Calculate Properties of Ice-Shapes
The Mass, Polar Moment of Area and the Eccentricity of the Shapes
1, 2 and 3 were calculated using a set of programs developed at the Centre 
for Industrial Applied Mathematics (CIAM) of Hull University. Three 
separate programs were used: Program 1 reads the cartesian coordinates of
the closed curve to be curve-fitted, starting from any point on the curve. 
The information is written to a file so that it is available for 
curve-fitting by Program 2. This program has very general applications for 
curve-fitting, since it can be adapted to provide a scheme for any periodic 
function by making suitable alternations to the domain. Program 3 is 
specifically related to ice accretion. Reading from polar coordinates 
provided by Program 2, it calculates details of window of accretion as well 
as the centre of mass of the system (ice plus conductor), mass and polar 
moment of area of the ice (Table 8). Examples of the curve fitting by 
Program 2 are shown in Figs. 96, 97 and 98 which correspond to shapes 1, 2 
and 3 respectively.
The increase in the static tension of the conductor from the ice 
and wind was calculated using TENSAG.
-  10.7 -
Table 10. Properties fo r Shapes 1, 2 and 3
Shape
No.
Mass of Ice 
(Kg/m)
Area of Ice 
(m2)
Polar Moment 
of Area of 
Ice (m4)
Eccentricity 
(Cartetian Coordinates)
XG ?G
1 0.1462 0.266 x 10"3 0.9568 x IO'7 1.080 -0.220
2 0.1325 0.241 x IO"3 0.8548 x io-7 0.997 0.084
3 0.1967 0.358 x 10"3 0.1224 x 10“6 1.070 -0.342
The torque generated from the new eccentric centre of the conductor/ice 
composite is given by
p .g2A.e cosYl  l
where
= the density of the ice (550 kg/m3)
2 = the length of the element
A-[ = the cross-sectional area of the ice
e = the distance of the new centre of mass from the centre of 
rotation of the 
Y = the static angular deflection
The mass of the ice was applied as a distributed load along the conductor 
length. The torque from the ice eccentricity was modelled using lumped 
torsional springs (LUM00) at nodes of the finite element mesh. The polar 
moment of area of the ice was added to that of the conductor.
The aerodynamic forces on each conductor element were applied by 
modifying the stiffness and damping system matrices: the elements of the
aerodynamic stiffness and damping matrices of Section (9.8) were calculated 
for each windspeed and angle of attack using the aerodynamic data from the 
static tests presented in Chapter 4 and were incorporated into the system 
matrices using MOD03 and MOD05 data statements. For each set of 
aerodynamic data a restart facility is used: the assembled system matrices
are stored from a previous run. These matrices are read in and control
passed to the matrix modification module where a (new) set of MOD03 and
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M0D05 statements may be specified if required. Further data statements may 
be included as required.
10.2.2 The Calculation of Natural Frequencies and Logarithmic Decrements
A finite element stability analysis of the 355 m twin conductor 
bundle span of the three span section (290, 355, 450 m) is presented in 
this section. The combined effect of ice and wind was expressed in terms 
of the eccentric ice moment, the aerodynamic forces, the increased tension 
from the ice load and the wind and was modelled using suitable data 
statements for Vostan. The stability criterion was the sign of the 
logarithmic decrement of the corresponding mode. The stability of the 
three Shapes was examined for the same range of angles of attack as for the
2-D theoretical conductor model. To reduce the size of the output only 
mode shapes with negative log-dec were calculated. In the presentation of 
the results the angle of attack of the bundle is given for the upwind 
conductor first followed by the angle of the downwind conductor. The mode 
with the highest amplitude at a particular frequency is recorded and the 
mode which exhibited appreciable amplitude at the same frequency is given 
in brackets. The presentation of both modes of vibration is an indication 
of the degree of coupling between the modes. Results are only given for 
the windspeeds where instability was detected and are presented in terms of 
mode-shapes, the corresponding natural frequencies and logarithmic 
decrements in Tables 11 to 16.
The results of Tables 11 to 16 show instabilities for all three 
ice shapes. All the unstable modes appeared to be coupled: vertical modes
coupled with torsional modes. It was mainly the vertical modes which 
exhibited the maximum amplitude deflections, but torsional motion was also 
always present because of the aerodynamic coupling. In comparison, it was 
the two and three-loop, vertical/torsional modes which appeared unstable 
more often than the one-loop mode.
In the results presented for the uniced case, Table 9, the two 
and three loop torsional/vertical frequency ratio was found to be very 
close to unity. In this case, aerodynamic effects and in particular the 
aerodynamic moment can cause a reduction in the value of the torsional 
frequency leading to frequency coalescence of the vertical/torsional 
frequencies thus enhancing the coupling between these degrees of freedom 
and contributing to the instability.
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Table 11. F in ite  Element S ta b i l i t y  Analysis of Twin Conductor with
Ice of Shape 1. V ~ 12 ms"1
Angle of Attack Mode Frequency log-dec
(-20, -24) v 2(r 2) 0.3607 -0.4966 x 10"1
Table 12. Finite Element Stability Analysis of Twin Conductor with Ice 
of Shape 1. V = 14 ms"
Angle of Attack Mode Frequency log-dec
-19.5, -23.7
v 2(r 2)
V3(R3)
0.354
0.552
-0.224 x 10"1 
-0.937 x 10“2
-14.6, -14.6
V2(R2) 
V3(R3)
0.360
0.556
-0.732 x 10"1 
-0.999 x 10“2
(0.9, 0.9) V2(Ra,H2) 0.328 -0.224 x 10"1
26.9, 26.9
R1(V1)
V2(R2)
R3(V3)
0.265
0.363
0.559
-0.461 x 10"2 
-0.171
-0.602 x 10"1
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Table 13. F in ite  Element S ta b i l i t y  Ana lys is of Twin Conductor w ith Ice
of Shape 1. V = 18 ms
Angle of Attack 
(deg)
Mode Frequency log-dec
-14.6, -14.6 VI 0.173 -0.431 x 10"1
10.8, 16.4 VI 0.176 -0.135
26.9, 26.9 VI 0.179 -0.479
V2 0.360 -0.211
V3 0.569 -0.664 x 10"1
Table 14. Finite Element Stability Analysis of Twin Conductor with Ice 
of Shape 2. V = 14 ms
Angle of Attack 
(deg)
Mode Frequency log-dec
-23.0, -22.3 v2(R2) 0.359 -0.514 x 1 0 " 1
-15.3, -17.4 v2(r2)
v3(r3)
0.361
0.557
-0.124 
-0.346 x 10" 1
-9.6, -7.5 v2(r2)
V3(R3)
0.359
0.556
-0.738 x 10_1 
-0.153 x 10" 1
>—1 00 to to 'O Ra(V2)
R3(v3)
0.329
0.531
-0.486
-0.104
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Table 15. F in ite  Element S ta b i l i t y  Analysis of Twin Conductor with Ice
of Shape 2. V = 18 m s'1
Angle of Attack 
(deg)
Mode Frequency
(Hz)
log-dec
-18.8, -8.2 VI 0.171 -0.268
V2 0.354 -0.209
V3 0.564 -0.819 x 10'1
-9.6, -0.9 VI 0.171 -0.486 x 10'1
V2 0.354 -0.217 x 10"1
V3 0.564 -0.117 x 10'1
6.5, 15.6 VI 0.169 -0.645 x 10"1
V2 0.349 -0.873 x 10"1
12.9, 21.3 VI 0.170 -0.428
V2 0.349 -0.425
Table 16. Finite Element Stability Analysis of Twin Conductor with Ice 
of Shape 3. V = 18 mis
Angle of Attack 
(deg)
Mode Frequency log-dec
0 eft10 eft1 V2(R2)
V3(R3)
0.359
0.569
-0.871 x 10"1 
-0.943 x 10"1
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The frequencies of the unstable modes were, without exemption, 
very close to the corresponding frequencies of the uniced conductor. The 
frequency of a coupled mode was found either in-between the values of the 
corresponding vertical and torsional frequencies of the uniced conductor or 
slightly higher than the corresponding torsional frequency. There were 
also cases where the values of the frequencies in the iced and uniced 
situation were identical.
In Shape 1 instabilities were found for windpseeds of 12, 14 and 
18 ms-1. At 12 ms"1 instability was detected only for one angle of 
incidence but at the two higher windspeeds the conductor appeared unstable 
for a range of angles from (-20°,-20°) to (27°,27°) approximately.
Shape 2 was unstable for the higher windspeeds of 14 and 18 ms"1. 
At 14 ms-1 the instability was limited to the two and three loop modes. At 
18 ms"1 instability was also detected for the one-loop mode.
Shape 3 exhibited instability in the two and three-loop modes at 
18 ms"1 and for one angle of incidence (-20,-20).
10.3 THE EFFECTS OF DETUNING PENDULUMS
The observed dynamic coupling between vertical and torsional 
motion is greatly increased if the ratio of the individual frequencies of 
the corresponding torsional and vertical modes is close to unity. For 
single conductors, this ratio is typically 5 to 10 whilst, for bundles, it 
is of order 1.5.
There is a good reason to believe that increasing the 
torsional/vertical frequency ratio should improve stability, particularly 
of bundles, since their uniced frequency ratio is naturally close to unity. 
The simplest method for achieving an increased ratio has been proposed by 
Nigol and Havard (1978) (Fig. 15). It consists of pendulums which are hung 
from the conductor at, typically, four separate locations along the span. 
Their purpose is to keep the torsional natural frequencies of the span well 
above the natural frequencies of the one-, two- and three-loop vertical 
modes. This is achieved because the pendulums impose a gravitational 
torsional stiffness on the conductor and shift the torsional frequencies of 
the span towards the higher torsional frequencies of the pendulums. This 
method has the advantage of being devoid of moving parts, of being
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maintenance free, of imposing acceptable additional load and of being 
applicable to single, twin or quad conductors.
10.3.1 Pendulum Detuner Specification
The pendulum mass, arm length and in-span positions have been 
specified by Ontario-Hydro using individual test sites data. The design is 
based on maintaining the vertical/torsional frequency ratio at a value 
exceeding 1.10 for a combined ice and wind load, theoretically equivalent 
to 15 mm thick ice crescent in a 15 ms"1 wind. Typically, four pendulums 
per span are specified with the mass of each ranging from - in the European 
case - 11 to 34 kgs, depending on the bundle size and span length. The 
assumption made by Ontario-Hydro in designing the pendulums was that the 
net effect of the aerodynamic forces is approximately equal to the inverted 
pendulum effect of the ice weight. This assumption is based on a limited 
number of tests performed on wind tunnel test rig at the University of 
Toronto.
From latest Ontario-Hydro specifications the total pendulum 
weight required is given in Table 17 and this can be divided among a number 
of spacers, either by attaching the pendulum weights to existing spacers if 
their locations are suitable or by adding extra spacers with pendulum 
weights or a combination of these. The normal practice is to add pendulums 
at four locations unless the span is unusually long in which case a fifth 
pendulum is added. The locations for the pendulums are chosen to ensure 
some are away from the nodes in each of the first three torsional modes of 
the span and also that the subspans between them are of unequal lengths. 
With four weights they are located at 1/5, 1/3, 7/12 and 3/4 points 
measured from one end. With five weights they are located at 1/4, 5/12, 
4/7, 2/3, 4/5 and with six weights at 1/5, 1/3, 13/30, 7/12, 3/4, 13/15.
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Conductor Type ACSR ACSR
Conductor Diameter 28.6 mm 28.6 mm
Bundle Type . Twin Quad
Pendulum Arm 200 mm 300 mm
Table 17. Detuning Pendulum Weight
Total Pendulum 
Weight (kg)
90.60
113.25
135.90
158.55
169.88
203.85
237.82
Span Length Range 
(m)
215-350
350-460
460-540
215-260
260-500
500-540
10.3.2 Mathematical Model of a Detuning Pendulum
Detuning pendulums are represented as modified spacers which 
carry the pendulum weight. Let us assume that in a deflected position the 
spacer clamps are at ( x ^ y * ^ )  and x2,y2jz2) respectively (Fig. 99). The 
kinetic energy of the assembly in translation and rotation about the x-axis 
is given by
Ix + x 2 z + z 2 + y 2-) z -  z 2
Ti = I M + *-_ 4  ) + ) + I m
where Xj, yq and Zj are the coordinate speeds of clamp 1 in the x, y and z 
directions respectively.
M is the pendulum mass 
R is the pendulum arm length 
2r is the bundle separation
If the pendulum mass is distributed between each clamp the 
kinetic energy of the equivalent system is given by
„  _ 1 M ,«2 .2 *2n , 1 -JL, ,.2  .2 .2  ^ 1 T Z2 “  Z1 2
2 2 1 (X1 yl ZP  2 2 2 y2 Z2 2 Jxx ( 2r ^
where Ixx is the polar moment of inertia of the pendulum mass about 
the x-axis.
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?i = y2 ■ y
Xj_ = x2 = 0
Z1 = z2 = 0
Equating Ti and T2 and applying the above conditions it yields 
M = M + M2 
For pure rotational motion 
x 1 = x2 = 0
Assuming the angle of rotation to be small, the horizontal conductor motion 
induced from the rotation can be ignored, i.e.
For pure ho rizon ta l motion in  the y -d ire c t io n
yl = y2 = °
Z1 = Z
Z2 = _Z
Applying the above conditions in Ti and T2 and equating it yields
MR2 ! .  = Mi  + h2 + I x x ! _
r r
But + Ma = M, therefore from above
I xx = M(R2 - r 2)
The moment of inertia of the pendulum weight about the y-axis is given by 
I = MR2
y y
Therefore, a pendulum of mass M and arm R can be modelled 
mathematically by placing a mass of and moments of inertia (R2-r2)
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and -|MRa about the x and y axes respectively at each spacer clamp point 
where a pendulum is fitted. In Vostan suitable data statements allow for 
lumped masses and moments of inertia to be included in the finite element 
mesh. These data statements are used to model the effects of the 
pendulums.
In addition, deflection of the pendulum weight from the 
equilibrium yields a gravitational stiffness. For a pendulum of mass M and 
arm R the torque generated by deflecting the pendulum by a small angle 0 is 
given by
x = MgR sin0 
or x -  MgR0
The torque can be modelled using a torsional spring of stiffness equal to
MgR
Lumped torsional springs were used to model the gravitational 
stiffness effect of the pendulums. Similar analysis can be applied to quad 
conductor bundles.
10.3.3 A Finite Element Analysis of Pendulum Detuners on Twin Lines
For the 355 m conductor twin bundle span four pendulums of total 
weight equal to 113.3 kg were used. The effective pendulum arm length was 
200 mm and the weight of each spacer (without pendulum weight) was 8.64 kg. 
The data used in the pendulum installation on the 355 m span are given in 
Table 16.
The effectiveness of the detuning pendulums to control galloping 
of twin conductor bundles was investigated using finite elements. Firstly 
the natural modes of vibration of the uniced 355 m span with four pendulums 
were calculated. This provided a clear indication of the pendulum effect 
on the natural frequencies of the uniced conductor. Secondly, the natural 
frquencies and modes of vibration of the same 355 m span were calculated 
with the same four pendulums and including aerodynamic effects in a similar 
manner as was described in Section 10.2.2.
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10.3.4 Calculation of the Natural Frequencies of Uniced Twin Bundle with 
Pendulums
The increase in the static tension and the new geometric mesh 
(increase in sag) of the 355 m span after the installation of the four 
pendulums was calculated by calling TENSAG in the main fortran program 
which generates the Vostan input data (definition of the mesh). The finite 
element model was employed in the same way as was previously explained in 
Section 9.5. Given in Table 19 are the natural frequencies of vibration of 
the 355 m span twin conductor bundle calculated without ice or aerodynamics 
but with four pendulums of 22.65, 34.00, 34.00 and 22.65 Kgs at 1/5, 1/3, 
7/12 and 3/4 of the span length respectively.
Table 18. Detuning Pendulum Installation Data
for the 355 m Twin Conductor Span
Pendulum Position Measured 71.00 118.33 '207.08 266.25
from Left End
Pendulum Weight 22.65 34.00
(kg)
Ivv = I___ 0.9060 1.3600
XU )  yy
L z  0 0
Gravitational Stiffness 44.43 66.69
(Nr/rad)
For the spacer only Ixx = Izz = 0.1005 m** and Iyy
Table 19: Natural Frequencies of the 355 m Twin Conductor 
Bundle with Four Pendulums
HI VI R1 H2 V2 R2 H3 V3 R3
0.162 0.176 0.393 0.313 0.347 0.534 0.470 0.528 0.630
34.00
1.3600
0
66.69 
= 0.
22.65
0.9060
0
44.43
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Direct comparisons of the natural frequencies of the 355 m span 
with and without pendulums can be made from the results presented in Tables 
17 and 7 respectively. From Table 7 the corresponding torsional/vertical 
frequency ratios of the one-loop, two-loop and three-loop modes are 2.233,
1.046 and 1.013 respectively. In the cases of the two and three-loop modes 
where the torsional/vertical frequency ratio is near unity the aerodynamic 
effects can reduce the torsional frequency of the bundle such that it 
coalesces with the vertical frequency and thus contributing to 
vertical/torsional flutter type instability.
The installation of the four pendulums have caused a shift of the 
torsional frequencies of the bundle towards the higher torsional 
frequencies of the pendulums: the two-loop torsional/vertical frequency
ratio has increased to 1.539 and the three-loop ratio to 1.193. Under 
these conditions, without ice or wind, the pendulums are shown to control 
the torsional frequencies of the span and to maintain an adequate 
separation from the frequencies of the corresponding vertical modes.
Although the results of Table 19 are not conclusive and have been 
obtained for a situation of no ice or wind, it is an indication that the 
effect of the pendulums is to increase the torsional/vertical frequency 
ratio and possibly to defer the frequency coalescence to higher ice and 
wind loads. However, in an attempt to obtain conclusive results the 
combined effect of the ice, wind and pendulums should be examined 
simultaneously.
10.3.5 Calculation of the Natural Frequencies of a Twin Bundle with Ice, 
Wind and Pendulums
The stability of a 355 m span twin conductor bundle was 
investigated in Section 10.2.2. It was found that all three ice shapes 
exhibited instability for some range of angles of attack.
In order to examine the effectiveness of the pendulum detuners to 
control galloping of a twin conductor bundle, the stability of ice Shapes 2 
and 3 at a windspeed of 18 ms-1 and four pendulums will be investigated. 
Only the angles of attack where instability was detected will be 
considered.
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Table 15 shows Shape 2 to be unstable at 18 ms-1 for a wide range 
of angles of attack, from (-18.8°,-8.2°) to (12.9°,21.3°). Without 
altering the existing aerodynamic model four pendulums were installed on 
the 355 m span following the specifications given in Table 18. The results 
of the stability analysis of the 355 m twin conductor bundle allowing for 
the aerodynamic characteristics of ice Shape 2 at 18 ms-1 and with four 
pendulums of 22.65, 34.00, 34.00 and 22.65 kgs at 1/5, 1/3, 7/12 and 3/4 
span length points are summarised in Table 20. In order to assess the 
effects of the aerodynamics on the frequencies of the bundle as they were 
modified by the pendulums, all the natural frequencies of the first three 
modes are listed irrespectively of the sign of their log-decs.
Table 20: Natural Frequencies of a 350 m Twin Conductor Bundle
Ice Shape 2. V = 18 ms"1. Four Pendulums
Angle 
of Attack Mode
(deg)
-18.8,-8.2
-9.6,-0.9 HI
VI 
R1 
H2 
V2 
R2 
H3 
V3 
R3
6.5,15.6 HI
VI 
R1 
H2 
V2 
R2 
H3 
V3 
R3
12.9,21.3 HI
VI 
R1 
H2 
V2 
R2 
H3 
V3 
R3
Frequency log-dec
(Hz)
No Instability
0.162 0.00
0.179 -0.293
0.399 0.102 x 10"1
0.314 0.00
0.361 0.215
0.478 0.264 x IO"3
0.533 -0.631 x 10"1
0.679 0.702
0.162 0.00
0.175 0.152
0.399 0.706 x 10“3
0.315 • 0.573 x 10"3
0.344 0.916 x 10"3
0.478 0.00
0.523 0.593 x IO"2
0.642 0.247
0.162 0.00
0.175 -0.272
0.398 0.152 x 10"2
0.315 0.00
0.344 -0.248
0.477 0.00
0.523 - -0.205
0.612 0.236
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The results of Table 20 show the detuning pendulums to be equally 
effective in controlling the torsional/vertical frequency ratios of a twin 
conductor bundle with or without aerodynamic effects. The combination of 
pendulums and aerodynamics has shifted the two-loop mode to a higher 
frequency three-loop pseudomode, a condition often observed in multispan 
section analysis.
The effect of the detuning pendulums on the instabilities of the 
twin bundle appears to be mixed. Comparing the results of Tables 15 and 
20, the pendulums have a stabilizing effect at (6.5°,15.6°) angle of 
attack. At this angle and without pendulums, Vi and V2 exhibited 
instability. However, in the case of (-9.6°,-0.9°) and (12.9°,21.3°) 
angles the pendulum effect on the stability is not very clear. At 
(-9.6° ,-0.9°) V], and V3 are still unstable and V2 becomes stable. In 
comparison, without pendulums, V1} V2 and V3 were all unstable. At 
(12.9°,21.3°) with pendulums, Vls V2 and V3 all exhibited instability 
compared with only Vj and V2 in the case of no pendulums. The size of the 
logarithmic decrements is not influenced in a unique way with or without 
pendulums: at angle of attack (-9.6°,-0,9°) the log-dec of the vertical
modes increases but is almost halved at (12.9°,21.3°).
Without pendulums, Table 16 shows the V2 and V3 modes of Shape 3 
to be unstable at 18 ms-1 and angle of attack (-20°,-21°). Table 21 shows 
frequencies and log-decs for Shape 3 at 18 ms-1 and with four pendulums. 
Once again the pendulums control the torsional/vertical frequency ratio of 
the bundle and provide adequate separation between these frequencies to 
prevent torsional/vertical coupling. The results of Table 19 show that the 
installation of the four pendulums have a stabilising effect on the twin 
bundle. With the pendulums the instability at (-20°,-21°) was eliminated 
and Shape 3 appears stable at 18 ms”1 throughout the range of angles of 
attack examined.
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Tabled! Natural Frequencies of a 350 m Twin Conductor Bundle 
Ice Shape 3. V = 18 ms-1. Four Pendulums
Angle 
of Attack 
(deg)
-20,-21
-11,-10
0,0
10,10
2 0 ° , 2 1 °
Mode Frequency
(Hz)
log-dec
HI 0.162 0.259 x 10“3
VI 0.176 0.194
R1 0,395 0.161 x 10"1
H2 0,315 0.488 x 10‘3
V2 0.346 0.148
R2 0.517 0.103
H3 0.480 0.890 x 10"3
V3 0.525 0.901 x 10'1
R3 0.615 0.699 x 10"1
HI 0.162 0.516 x 10"3
VI 0.176 0.133
R1 0.394 0.170 x 10’1
H2 0.316 0.114 x 10"2
V2 0.346 0.993 x 10"1
R2 0.514 0.761 x 10'1
H3 0.479 0.311 x 10"2
V3 0.525 0.660 x K T 1
R3 0.612 0.669 x K T 1
HI 0.162 0.127 x 10~*
VI 0.176 0.135
R1 0.393 0.144 x 10"1
H2 0.314 0.260 x 10“3
V2 0.346 0.101
R2 0.514 0.781
H3 0.477 0.154 x 10“2
V3 0.526 0.664 x 10_1
R3 0.612 0.676 x 10"1
HI 0.161 0.127 x 10"*
VI 0.176 0.135
R1 0.393 0.144 x 10"1
H2 0.314 0.260 x 10“3
V2 0.346 0.101
R2 0.514 0.781
H3 0.477 0.154 x 10"2
V3 0.526 0.664 x 10"1
R3 0.612 0.676 x 10'1
HI 0.161 0.197 x 10‘2
VI 0.176 0.181
R1 0.397 0.783 x 10"2
H2 0.311 0.460 x 10"2
V2 0.346 0.134
R2 0,523 0.109
H3 0.485 0,151 x 10"1
V3 0.526 0.806 x 10"1
R3 0.617 0.976 x 10"1
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10.4 A FINITE ELEMENT ANALYSIS OF QUAD CONDUCTOR BUNDLES
10.4.1 Pendulum Detuners on Quad Lines
Following severe galloping on quad lines in winter 1985/86 
consideration was given to what remedial measures could be adopted 
extensively on such lines. While offset despacering has been found to be 
very successful on the CEGB twin lines, no trials of it on CEGB quad lines 
had been undertaken and it was felt that difficulties with sub-conductor 
clashing might arise. However, CEGB trials with pendulum detuners had 
produced two observations of successful control - one on quad in 1980 and 
one on twin in 1986 - and there had been no adverse observations. In 
addition, there was a growing body of encouraging observations 
internationally, collated and reported by Havard and Pohlman (1985) to 
support the use of pendulum detuners. It was therefore decided that all 
sections of the three quad routes (4ZP, 4ZB and 4YU) which had galloped in 
1986, would be treated with pendulums.
The detuning scheme employed was the same as that used for the 
quad trial section initiated in 1979 and confirmed by Dr Havard:
Table 22: Detuning Pendulums on Quad Bundles
Span Length No. of Pendulums Position
(m) (34 kg each) (Fraction of Spacer)
177-229 3 1/3, 7/12, 3/4
229-396 4 1/5, 1/3, 7/12-, 3/4
396-549 5 1/4, 5/12, 4/7, 2/3, 4/5
In order to assess the effectiveness of the detuning pendulums to 
control the galloping of quad conductor bundles a finite element analysis 
was carried out in two steps. Firstly, the natural frequencies of a quad 
conductor bundle were calculated under conditions of no ice or wind and 
without pendulums. Secondly, the natural frequencies of the quad bundle 
were calculated with four pendulums. The effect of lengthening the 
effective length of the pendulum arm was also investigated.
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10.4.2 The Natural Frequencies of a Quad Conductor Bundle 
Pendulums
The CEGB quad lines are all of similar design and the main 
details are given in Fig. 100. In general, they are energised at 400 kV 
but a few circuits are energised at 275 kV.
The vibration characteristics of a three-span section of a quad 
conductor bundle with span lengths of 290, 3J05 and 450 m was investigated 
using the finite element method. The mathematical model of the line was 
identical to the twin conductor bundle which was described in Section (9.5) 
but arranged in a quad bundle. A combination of straight and catenary 
finite elements were used in VOSTAN and the program TENSAG was employed to 
calculate the tension of the span after the installation of the pendulums. 
The mechanical data used in the calculations were the same as for the twin 
conductor bundle (Section 9.6.1). Only the middle span of the section was 
analysed in detail, the contiguous spans were included to provide the 
correct end conditions.
The natural frequencies of the fundamental, first and second
23
harmonic of the 305 m span without pendulums are presented in Table 2i.
The letters H, V and R represent the horizontal, vertical and torsional 
modes respectively. H12 denotes the one-loop horizontal mode of the second 
span, V23 denotes the two-loop vertical mode of the third span, etc. A 
complete list of frequencies of all three spans is given but only those of 
the middle span will be marked.
In the vibration analysis of multispan sections of overhead 
conductors a situation is often met where the one-loop vertical mode of one 
of the spans of the section is missing. This mode can correspond to any of 
the spans of the section depending on the particular combination of the 
span lengths. The mode which is usually found to resemble the one-loop 
vertical mode is a three-loop mode. In the present analysis the one-loop 
vertical mode of the middle span is missing.
The results of Table 23 present a list of natural frequencies of 
the first three vertical/torsional modes of a quad conductor bundle. These 
frequencies follow a different trend compared with the frequencies of a 
twin conductor bundle. In the latter case the torsional frequencies of the 
first three modes were found to be higher than the corresponding vertical
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frequencies. In contrast, Table 23 shows the torsional frequencies of the 
quad bundle to be lower than the corresponding vertical frequencies with 
torsional/vertical frequency ratios of 0.848 for the two-loop mode and
0.838 for the three-loop mode.
In an attempt to shift the torsional frequencies of the bundle to 
higher values four 34 kgs pendulums of 305 mm arm length were installed at 
1/5, 1/3, 7/12 and 3/4 along the span (Table 22). In the twin conductor 
bundle investigation it was found that the torsional frequencies of the 
bundle without pendulums were slightly higher than the corresponding 
vertical frequencies. The installation of pendulums on the twin bundle had 
shifted the torsional frequencies towards the higher frequencies of the 
pendulums thus providing an adequate separation between the vertical and 
torsional frequencies and avoiding vertical/torsional coupling. The 
results of Table 24 show the pendulums to have a similar effect on the 
torsional frequencies of a quad bundle. However, as the torsional 
frequencies of a quad conductor without pendulums were lower than the 
corresponding vertical frequencies (Table 23) the pendulum effect is to 
shift the torsional frequencies closer to the corresponding vertical 
frequencies. In this case the pendulums are shown to have an adverse 
effect on the stability of the bundle as they have reduced the separation 
between the vertical and torsional frequencies thus enhancing 
torsional/vertical coupling and encouraging instability. The zero 
frequencies which appear in Table 23 correspond to the rigid body motion of 
the insulators.
The effect of increasing the pendulum arm length to 457 mm (Table 
25) has a negative effect on the bundle's stability: although the
pendulums shift the torsional frequencies of the bundle to higher 
values compared with the shorter arm pendulums, the torsional frequencies 
are now closer to the corresponding vertical frequencies.
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No Pendulums
Table 23: Natural Frequencies of a 305 m Quad Conductor Bundle
1. 0.0 2. 0.0
5. 0.12961 6. 0.13560
9. 0.17173 10. 0.17308
13. 0.21476 R12 14. 0.22148
17. 0.22342 18. 0.27036
21. 0.28261 22. 0.29703
25. 0.30460 26. 0.36625
29. 0.41345 R12 30. 0.41848 R22
33. 0.44948 34. 0.44949
37. 0.48316 38. 0.48316
41. 0.49367 V22 42. 0.50452
45. 0.52295 46. 0.53532
49. 0.54839 50. 0.55406
53. 0.60712 54. 0.60718
57. 0.77638 V32 58. 0.90323
61. 1.6041 62. 1.7641
65. 2.1708 66. 2.2577
69. 2.2677 70. 2.3097
3. 0.0 4. 0.13264D-05
7. 0.13560 8. 0.13561
11. 0.17635 H12 12. 0.21179
15. 0.22149 16. 0.22150
19. 0.28259 20. 0.28259
23. 0.30075 24. 0.30356
27. 0.37909 28. 0.39585 H22
31. 0.43429 32. 0.44441
35. 0.44952 36. 0.48300
39. 0.48317 40. 0.48408
43. 0.51696 44. 0.51720
47. 0.53619 48. 0.54464
51. 0.55546 H32 52. 0.60711
55. 0.64200 56. 0.65053 R32
59. 1.1656 60. 1.4093
63. 2.0596 64. 2.1322
67. 2.2621 68. 2.2665
Table 24: Natural Frequencies of a 305 m Quad Conductor Bundle
Four 305 mm Pendulums
1. 0.0 2. 0.0
5. 0.13351 6. 0.14027
9. 0.17472 10. 0.17656 H12
13. 0.22484 14. 0.22866
17. 0.27173 R12 18. 0.27871
21. 0.29234 22. 0.30938
25. 0.33144 26. 0.35871
29. 0.41291 R12 30. 0.43005
33. 0.46495 34. 0.46495
37. 0.47919 38. 0.48057 V22
41. 0.49874 42. 0.49875
45. 0.53114 46. 0.53433
49. 0.55553 50. 0.56108
53, 0.62728 54. 0.62734
57. 0.84603 V32 58. 0.88778
61. 1.4733 62. 1.7707
65. 2.1839 66. 2.3297
69. 2.3389 70. 2.3759
3. 0.10496D-05 4. 0.10496D-05
7. 0.14027 8. 0.14027
11. 0.18801 12. 0.21735
15. 0.22866 16. 0.22867
19. 0.29232 20. 0.29232
23. 0.31145 24. 0.31341
27. 0.37173 28. 0.37375 H22
31. 0.44518 32. 0.45385 R22
35. 0.46498 36. 0.46632
39. 0.49410 40. 0.49874
43. 0.52726 44. 0.52834
47. 0.53592 48. 0.55049
51. 0.57975 H32 52. 0.62727
55. 0.63290 56. 0.65417 R32
59. 1.1602 60. 1.4147
63. 1.9063 64. 1.9955
67. 2.336 48. 2.3379
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Four  457 mm Pendulums
Table 25: Natural Frequencies of a 305 m Quad Conductor Bundle
1. 0 . 58190D-06 2. 0 .58190D-06
5. 0 .133 51 6. 0 .1402 7
9. 0 .1 7473 10. 0 .1765 7  H12
13. 0 .224 85 14. 0 .2286 6
17. 0 .27 86 7 18. 0 .2 8 9 5 3  R12
21. 0 .2 9234 22. 0 .30938
25. 0 .331 45 26. 0 .35871
29. 0 .415 97  R12 30. 0 .430 07
33. 0 .46 49 5 34 . 0 .464 95
37. 0 .479 20 38. 0 .4 8060  V22
41. 0 .4 9 8 7 4 42. 0 .498 75
45. 0 .5 3 1 1 4 46. 0 .5 3433
49. 0 .555 53 50. 0 .56108
53. 0 .62728 54. 0 .6 2734
57. 0 .8 4 5 8 4  V32 58 . 0 .86685
61. 1 . 4146 62. 1 .7706
65. 2 .18 35 66. 2 .3297
69. 2 .33 89 70. 2 .3759
3. 0 . 58190D-06 4. 0 . 58190D-06
7. 0 .140 27 8. 0 .14027
11. 0 .1 8894 12. 0 . 21735
15. 0 .22866 16. 0 .2286 7
19. 0 .2 9 2 3 2 20. 0 .29232
23. 0 .31153 24. 0 .31360
27. 0 .37173 28. 0 .373 77 H22
31. 0 .44519 32. 0 .4 6298 R22
35. 0 .46498 36. 0 .46632
39. 0 .49410 40. 0 .4 9874
43. 0 .5 2726 44. 0 .5 2 8 3 4
47. 0 .5 3 5 9 4 48. 0 . 55050
51. 0 .5 7976  H32 52. 0 .627 27
55. 0 .63283 56. 0 .6 4962 R32
59. 1 .1446 60. 1 .411 8
63. 1 .8 3 5 4 64. 1 .9 0 9 4
67. 2 .3336 68. *2.3379
10.5 OTHER LIMITATIONS IN THE PERFORMANCE OF DETUNING PENDULUMS
To maintain the torsional/vertical frequency ratio of a conductor 
bundle higher than unity using pendulum detuners it is essential to select 
carefully the two most important parameters of the pendulums: weight and
arm length. The Ontario-Hydro pendulum design (Havard, 1979) is based on 
the assumption that the net effect of the aerodynamic forces equals the 
inverted pendulum effect caused by the eccentric ice weight. This is a 
broad generalisation based on some limited wind tunnel tests carried out at 
the University of Toronto and at Ontario Hydro at windspeed of 13 ms-1. 
However, the effectiveness of the pendulums to maintain a high 
torsional/vertical frequency ratio is also dependent on the aerodynamic 
characteristics of the iced conductor and the wind speed. Limitations in 
the performance of the pendulums can be demonstrated using aerodynamic data 
obtained from the static tests on Shapes 1, 2 and 3.
The ice moment expression used by Ontario-Hydro (Fig. 101) is
given by
Mi = Pjg t r Z (t + ™ )
where
Pi is the density of the ice 
g is acceleration due to gravity 
t is the ice crescent thickness 
r is the conductor radius 
Z is the conductor length.
The expression for the aerodynamic moment on a conductor of 
length £, per unit angular displacement is given by
1 2 2  0BMMa = i p V C Z -r-H2 ra 3a
where
pa is the density of the air 
Cm is the moment coefficient.
In the design of the pendulums it was assumed by Ontario-Hydro that the ice 
moment is equal to the aerodynamic moment, i.e.
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from which
7T T2 2pi g t r ( t  + j - )
Using aerodynamic data from the static tests on the upwind 
conductor of Shapes 1, 2 and 3, at test windspeed of 18 ms"1, the value of 
V which was derived under the assumption Ma = M^ can be calculated. In 
the calculations p£ - 920 kg/m3 and t = 15 mm. The results of the 
calculations are given in Tables 26, 27 and 28.
Table 26: Calculation of Windspeed for which M  ^= Mi
Shape 1. V = 18 ms"1
a(deg) 3£m9a V(ms"1)
-38.0 0.160 30.6
-30.0 0.124 34.7
-19.5 0.469 17.8
-14.6 0.921 12.7
0.9 1.059 11.9
10.8 1.107 11.6
26.9 0.544 16.6
Table 27: Calculation of Windspeed for which Ma = Mi
Shape 2. V = 18 ms"1
a(deg) 9Cm 3 a V(ms" 1)
-23.0 0.59 15.9
-21.6 0.98 12.4
-18.8 1.02 12.1
-15.3 1.18 11.3
-9.6 1.69 9.4
-4.0 2.07 8.5
0.9 2.11 8.4
6.5 2.09 8.4
12.8 1.87 8.9
17.8 1.17 11.3
20.6 0.15 31.6
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Table 28: Ca lcu la tion  of Windspeed fo r which M^  = Mi
Shape 3. V = 18 ms'1
a(deg) !£m3a V(ms“1)
-30.0
-20.0
-11.0
0.0
10.0
20.0
28.0
0.120
0.290
0.370
0.450
0.310
0.340
0.480
35.3
22.7
20.1
18.2
21.9
20.9 
17.6
The results of Tables 26, 27 and 28 show the lower values of V to 
correspond to wet snow Shapes 1 and 2 compared with freezing rain Shape 3. 
This may suggest that the current pendulum design may not be as effective 
for wet snow accretion and high windspeeds. Since most experience of the 
pendulums comes from North America where freezing rain conditions are 
thought to predominate, there is a need to consider more severe design 
criteria in the UK where wet snow conditions are a common phenomenon. The 
recent observation of galloping on quad bundles with pendulums was made in 
North Wales on 7 March 1987 with prevailing wet snow conditions and 
recorded windspeed in excess of 25 ms-1 throughout the fault period.
CENTRAL ELECTRICITY RESEARCH LABORATORIES
EXISTENCE OF THESE AREAS ON
FIG. 95 FREEZING RAIN ICE SHAPE FALLEN FROM CONDUCTOR ON 4ZP LINE
VR/76668/D/034/H AN (17.4*9)MH/UK
CENTRAL ELECTRICITY RESEARCH LABORATORIES
FIG. 96 CURVE FITTING FOR SHAPE -1
CENTRAL ELECTRICITY RESEARCH LABORATORIES
L-2
FIG. 97 CURVE FITTING FOR SHAPE -2
CENTRAL ELECTRICITY RESEARCH LABORATORIES
FIG.98 CURVE FITTING FOR SHAPE - 3
CENTRAL ELECTRICITY RESEARCH LABORATORIES
FIG. 99 MATHEMATICAL MODEL OF A DETUNING PENDULUM
VR/76668/D/036/HAN(17.4.89)MH/UK
h-6
.9 
-8
0-
6.
9-
1  
I 
QU
AD
 
BU
ND
LE
 
ST
AN
DA
RD
 
SP
AC
IN
G 
- 
30
5 
x 
30
5 
m
m
CENTRAL ELECTRICITY RESEARCH LABORATORIES
UJ
o
x
o
Qz
5
Oz
00
%
D X 
<
Q Z < 
h  CO CO
ooo
H
<
(3
<
ao©
I-
<
z
o
35zUJ
H
UJ
VR/7666t/D/038/HAN(17.4*«)MH/LJK
FI
G.
 1
00
 
DE
TA
IL
S 
OF
 
CE
GB
 
QU
AD
 
LI
N
ES
CENTRAL ELECTRICITY RESEARCH LABORATORIES
FREEZING RAIN 
/ DIRECTION
r t t P * ' * ROTATION DUE TO 
f ~  ICE WEIGHT
ICE
CENTROID 
OF ICE 
LAYER
2 4
CONDUCTOR
t ICE WEIGHT 
(2pjgtrl)
FIG. 101 A SCHEMATIC REPRESENTATION OF ICED CONDUCTOR 
USED BY ONTARIO HYDRO
VR/7QM/D/037/HAN(17.4*9)MH/UK
CHAPTER 11
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK
11.1 CONCLUSIONS
The research programme aimed at collecting real ice shapes 
started in winter 1985/86 by collecting five ice accretions: three of wet
snow, one of dry snow and one of freezing rain.
Faithful reproductions of the suitable ice shapes were 
successfully cast in silicone rubber from which accurate wind tunnel models 
were made. The static aerodynamic lift, drag and moment- of two wet snow 
and one freezing rain shape were measured in the wind tunnel as 
distribution of aerodynamic lift, drag and moment coefficients with respect 
to angle of attack and windspeed.
The three ice accretions suggested that, for bundled conductors, 
wet snow may lead to generally more triangular shapes than freezing rain 
which produces shapes of more semicircular form. The surface of the wet 
snow accretions was rough while that of the freezing rain accretion was 
smooth.
The wind tunnel measurements show that the precise aerodynamics 
of the ice shape can differ significantly depending on the accretion: the
two wet snow shapes had values of lift and moment gradient 5 to 10 times 
higher than the freezing rain shape. Over the range of angles of incidence 
of most interest the values of these gradients were strongly positive.
A small range of incidence angles of the wet snow accretions lead to modest 
negative values of the Den Hartog stability term, but none of the freezing 
rain accretion. That was an indication that coupled vertical/torsional 
galloping rather than Den Hartog single degree-of-freedom vertical 
galloping is most likely to occur. Although not conclusive, it can be 
infered that wet snow (eccentric) shapes provide more unstable aerodynamic 
properties than freezing rain (rounded) shapes. The design of control 
devices should take account of these findings and the implications must be 
born in mind when assessing the results of field trials of control 
techniques, especially when tested under different climatic conditions.
The difference in climatic conditions is most likely to be the reason why 
pendulum detuners, developed and tested mainly under Canadian freezing rain 
conditions, have been found to be unsuccessful on quad lines in wet snow 
conditions and high winds.
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The accuracy of a two-dimensional two degree of freedom 
aerodynamic theoretical model was verified by comparisons of the 
theoretical predictions with the dynamic rig test results. A more 
sophisticated three-dimensional finite element model, whose development was 
based on the initial two-dimensional model, showed that in the case of 
uniced twin bundle conductors the torsional frequencies were higher than 
the corresponding torsional frequencies. When the effects of ice and wind 
were included, instabilities were found in all the ice shapes tested.
Results indicated that in a twin bundle conductor pendulum 
detuners can have a stabilizing effect in controlling the torsional/ 
vertical frequency ratio of the bundle and thus defering the instability to 
higher ice and wind loads.
The finite element model was extended to cover quad bundle 
conductors. The frequencies were found to follow a different trend: the
torsional frequencies were lower than the corresponding vertical 
frequencies. The analysis indicatedshowed that the effect of pendulum 
detuners on quad bundles was, similar to that on the twin bundles, to shift 
the torsional frequencies to higher values but in the case of quad bundles 
also closer to the corresponding vertical frequencies. This can be an 
important contributory feature to instability as it enhances the coupling 
between these two degrees of freedom.
11.2 SUGGESTIONS FOR FURTHER WORK
Galloping of overhead line conductors is closely related with the 
aleatory nature of the weather conditions giving rise to the phenomenon and 
is therefore very difficult to predict. Widespread installation of 
experimental galloping control devices on a transmission system is 
understandably unwelcome and yet, without it, it seems little chance of 
evaluating a galloping control device in an acceptable period. The more 
that theoretical studies can minimise the need for field trials the 
better.
The effectiveness of any proposed galloping technique can be 
heavily dependent on the type of instability which arises in practice and 
it is important to be able to judge the relative frequency of occurrence of 
the various types of instability under the environmental conditions and 
mechanical properties relevant to ones own transmission line.
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To this effect, the programme of work aimed at collecting real ice shapes, 
determining their aerodynamic characteristics and identifying types and 
ranges of instability they can support, can provide the engineer with the 
necessary knowledge in order to enable him to choose the most effective 
galloping control technique relative to the climatic conditions and 
mechanical properties of the line. To make it all possible a larger number 
of real aerodynamic data is needed and this initial programme of 
collecting, moulding and testing ice shapes should continue as necessary.
In order to form a complete picture of the relative importance 
between the United Kingdom weather conditions, the types of ice accretion 
and the associated aerodynamic instabilities of overhead transmission lines 
there is a need for a larger number of realistic aerodynamic data. To 
achieve this, the guidelines of the programme of work outlined in this 
thesis for collecting, moulding and testing ice shapes should be followed 
and form the foundation for collecting data of ice conductor shapes and 
associated aerodynamic properties.
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